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ʮɧ  
 Ƞ®Ï%˫ä)ȡȠ<ǵƂ˹ɪ̰ROS̱7˹ðɒɪ̰NO̱+˹ðWcW
?69Ƞ®Øļ*˹ð7fcð('*ðŀ¸̧)8;ɮɻÂņ?©!$ǚ
(ȭƊ)̇;&Ⱦ9<$	;Ƶ%*8
(¸̧+˹ðWcW*Y
T&$ǜʌǚ(ȠȝǜʌĴð?69UOe&(;&Ø!$
ɉ*ƍŖ;ȿɏŅ%+ǂ˜ROS& NO*ȡȠ)³ľ$ȠƋ; 8-fc
OBiU 3′,5′-Ȟȗ 1˹̰8-fc-cGMP̱ ROS& NO*YJd|_Y
V~&$˹ðWcW˯ſſɛ7ƉǑ̉Ź('*ǚ(Ƞȝ¯Ȣ)̇>!$
	;&?ƺ9)8-fc-cGMP+NO*YJd|_YV~%;
cGMP*fcð˃ő®%:cGMP³ľƂraDLeZ̰PKG̱*ǵƂð
(' cGMP&ĉǚ*ȠȝǵƂ)èfcĨ*ʳ̕ļƂ)Ĩ#	$\lNˏ*
UWaD^IĨ&ÿſ$ cGMP Ǚˤ?¢è;fN(\lNˏʀʽ
Ŷ¸̧̰\lNˏ S-OBfð̱)8:UOe?¨ˬ; 
 PKG + cGMP )8:ǵƂð;Y̲WIfraDLeZ%:
ʤɝŞȄɚũɸ7Ɉɯ¨ˬßŹ('ĶŰ(ǜʌ?Ɩ!$	;2GdcUL
U_N);˰ŦƂ*ʤġ­) PKG *˫ä(ǵƂð̇;&Ɇė
<$	;*ØļǜŢ+ƺ9%+(	ǈȿɏ%+8-fc-cGMP)8; PKG
 2 
*ǵƂð);\lNˏ S-OBfð*Ųå?ʵǏGdcLUU_N
ȭƊ&*̇˥)"	$ʵǏ?ʥ! 
 ɮơmc PKG1α ?ʿ̩ɝÏ% 8-fc-cGMP &ÿſ;&ʠƺ)\lN
ˏ S-OBfð?Ă;&EGW\q_c)8:Ɇ<ˏ ˽ØǏ8-
ćɍUWaDǡḬ̃Cys̱Ĵȩ® PKG ?Ȣ	ʵǏ)8:Cys42 & Cys195 Ȗ
ȩȱ) S-OBfð?Ă;&Ø!in vitroLeZB_YD)8:cGMP
)8:ǵƂð PKG +̌ĵȉ˫% cGMP ?̎ü;&ˣ7)ǵð8-
fc-cGMP)8:ǵƂð PKG+̌ ĵȉ˫% 8-fc-cGMP?̎üŶ6
ǵƂðƘɲ;&Ø!CysĴȩ®?Ȣ	ʵǏ)8:*8
(Ƙɲ
ȱǵƂð)+ PKG* cGMPɰĈd|DÏ)ľĢ;Cys195ž̡%;&Ɇ
<8-fc-cGMP&ÿſ PKG%+ S-OBfð)8: cGMPÎǃɰĈ%
cGMPɰĈ˵¬)Ȧ2;5ƘɲȱǵƂð69<;&Ɇė<yEW
ķëʎʤɝO*ʤɝĀɹũɸÿſʵǏ)	$8-fc-cGMP &ʔˡ˫Ƃ
cGMPBeO%; 8-q}-cGMP+pFfp)8;Āɹ)Ō01ĉɌ
ţ*ƐßǵƂ?ɆÿſǺ?ɽơǳǷ;& 8-fc-cGMP Öȝʤɝ
O*3%ĀɹƐßʴŋ<8-fc-cGMPƘɲȱ(ũɸǵƂ?ǃ;&Ɇ
<GdcLUU_N}b%;ɬʟxĶɥ̰LPS̱ƑyEW*Ž
 3 
ɚɮɻ%+ˏ˽ØǏǯ)8;ʵǏ)8:8-fc-cGMPȠƋ*ʠƺ(İè˂5
9<9)PKG* S-OBfð8-˹ðǵƂ*̣ʠ(İèʴŋ<
<9*&9˫ ä( ROSNOȡȠ)©	Ƞ®Ï%ȠƋ; 8-fc-cGMP+
PKG ? S-OBfð;&)8:Ƙɲȱ(ǵƂð?69GdcLUU
_N);˰ŦƂ*ʤġ­)̇>!$	;&Ɇė< 
 2ǂ˜ƍŖ;ȿɏOr+\lNˏ*ƴʱ¸̧&$UWaD
^IĨ)˫ä)DIE¢èxTpAð?ʰ	ǠŜɬʊ)xT
pAð\lNˏˌŊ)ľĢ;&?ƺ9)8-fc-cGMP&xT
pAð\lNˏ&*ÿſ%Ƞ;x-S-OBfð+ʭư*DIEûļ? 
;¸̧%:ĄˠƂ* S-OBfð&ȩ(:˳ÆãÖȝ)8:ʏ̓;ĄˠƂ?
ǃȠȝȱUOeǜʌɆė<;<9*&9˹ðWcW69
xTpA*ȠȝȱUOeßŹǜǙ*ɁɴĄˠȱ(\lNˏ S-OBf
ð? ȭƊ*ŮƋ)̇>;ĄʌƂɆė<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ȧ˄ʲ  
 
8-AET-cGMP:     8-(2-aminoethyl)thioguanosine-cGMP 
ATP:      adenosine 5′-triphosphate 
8-Bromo-cGMP:     8-bromoguanosine 3′,5′-cyclic monophosphate 
cGMP:      guanosine 3′,5′-cyclic monophosphate  
DTT:      dithiothreitol 
ESI:      electrospray ionization 
iNOS:      inducible nitric oxide synthase 
Keap1:      kelch-like ECH-associated protein 1 
LC:      liquid chromatography 
LPS:      lipopolysaccharide 
MLC:      myosin light chain 
MRM:      multiple reaction monitoring 
MS/MS:      tandem mass spectrometry 
NAC:      N-acetylcysteine 
8-Nitro-cGMP:     8-nitroguanosine 3′,5′-cyclic monophosphate 
NO:      nitric oxide 
PKG:      cGMP-dependent protein kinase 
PDE:      phosphodiesterase 
RNOS:      reactive nitrogen oxide species 
ROS:      reactive oxygen species 
Rp-8-Bromo-cGMPS:   8-bromoguanosine 3′,5′-cyclic monophosphorothioate, Rp-isomer 
SDS-PAGE:     sodium dodecyl sulfate polyacrylamide gel electrophoresis 
Tris:      tris (hydroxymethyl) aminomethane 
VASP:      vasodilator-stimulated phosphoprotein 
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ɘ 1ɔ  ȿɏ*ʉƽ8-ȵȱ  
1.1  ǈȿɏ*ʉƽ  
 ɬʟƉǑ7ȊȮ)©	Ƞ®Ï%ȠƋ;ǵƂ˹ɪɍ̰reactive oxygen species, ROS̱
7˹ðɒɪ̰nitric oxide, NO̱+Ƞ®)˹ðWcW?69ǚ(ȭƊ)̇
>;&Ⱦ9<$	; 1-6)ƉǑ7ȊȮ)	$+ɬʟ*xĶɥ
̰lipopolysaccharide, LPS̱7ȊȮƂTDcJD('*ɬʊĵ9àȇ?Ăɬʊ
ǚ(ȡȠɯ˕)8:ɍ*pVJ7ǵƂØļ?ȠƋ;&Ⱦ9<
$	;±,NADPH ILU]Z7zcRdB9+VJɍ%;W
lILUd̰O2̱7̚VJɍ%;˫˹ðǦɪ̰H2O2̱('* ROS˃
őĥ NOĈƋ˸ɪ̰inducible nitric oxide synthase, iNOS̱9+ NOȡȠ<;2
ROS & NO ÿſ;&̚Ŝ)ðŀÿſƂ*̫	ǵƂ˹ðɒɪɍ̰reactive 
nitrogen oxide species, RNOS̱?ȠƋ;ROS7 RNOS+ðŀÿſƂ)Ŋ@%	;
5˫ä)ȡȠ<ĪĈ)+\lNˏǔ˹ʍˏ('*Ƞ®Øļ)˹ðf
cðfc[ð('*ðŀ¸̧?Ũ˒̰ğ 1̱1-6) 
 *8
(Ƞ®Øļ*ðŀ¸̧+˹ ðWcW?69̚Ȗȩȱ(ƤÂ&ʂ
9<$˜şROS*ȡȠßŹǜǙ*ʵƺ7ǞUOeØļ*Ȱʰ('*ȿ
ɏ*˧ŕ)8:Ƞ®)+ ROSRNOS)8:69<;˹ðWcW?ƉȾ;|
 7 
JfX{ľĢ$:ćɍYTØļGpFN\Øļ*Ã)8:ɬʊØ
ðBxcUWɬʊʁð&	!ǚ(ȠȝǜʌĴð69<;&>
!$ 1-6) 
 ROS7˹ðWcW*UOe¨ˬ)	$+YT\lNˏ*UWaD
^I˻ʮ(Ųå?ǐ$	;YT\lNˏ+ǩǔƂ*̫	UWaD
^I?ǃmdLUVJ('*ÿſƂ*̫	 ROS7 RNOS)8:
˹ð7fcð('*ǚ(¸̧?Ă; 5,7,8)*8
(ʀʽŶ¸̧+˸ɪ*ǵ
Ƃð7ǵƂð\lNˏ̆ȷ¯Ȣ*ˇɞ\lNˏ*ŔĢ*Ĵð&	!ʭ
ư*ǜǙ)8:UOe*ßŹ)̇$	; 7,8)2ROSRNOS+ʍˏ7ǔ˹
('*ɬʊ*ǙƋƋØ&ÿſ˫ ˹ðʍˏ7fcðʍʆ˹('*ðŀȱ(ÿſƂ
)Ŋ4ʳ̕ļƂ£ˊȕ?ȠƋ; 4)<9*ʳ̕ļȕˏ+YT\lNˏ
*ǩǔƂ*̫	^I?BLð;&)8:ROSRNOS*UOe*
Ǟ|_YV~&$Ã&>!$ 4,6,8-11) 
 ðŀȱÿſƂ)Ŋ3ŁŃ( ROSRNOS'*8
)$ßŹ<ɬʊÏU
Oe&$ǜʌ$	;)"	$+ƺ%!ɉ*ȿɏŅ%+ǂ˜ROS
& NO*UOe?Ɩ
ɬʊÏ*ǞUOeØļ&$fcðȞȗgNI^
d%; 8-fcOBiU 3′,5′-Ȟȗ̳˹̰8-nitroguanosine 3′,5′-cyclic 
 8 
monophosphate; 8-fc-cGMP̱?ĉŃ 9,12,13)8-fc- cGMP+Ė̤)	
$ǂÛ)ĉŃ<ÏĜƂ*OBiU 3′,5′-Ȟȗ̳˹̰guanosine 3′,5′-cyclic 
monophosphate; cGMP̱˃ő®%:ROS& NO*Ƶ*ȡȠ)³ľ$ȠƋ;
9,12,13)<2%)LPS&ȊȮƂTDcJD?Öȝćɍħ̨ɬʊ7hXz^p
WʟƉǑyEW*ʅʕyEWŽɚǕĬ˃ȰŽÌ}b*Žɮɻ&	!ƉǑȊ
ȮȭƊ?Ɇɬʊ7ɮɻ)	$Ȗ) iNOS*Ȱț)³ľ 8-fc-cGMP*Ƞ
Ƌʴŋ<$	; 9,12-18)9)mc%+ɑȰƂʈɺɳȮ*̆ˏƂʈȊȭƊ)	
$ʈɮɻ) NOS ³ľȱ( 8-fcOBiU*ȠƋ˂59<$:*˃ő®
%; 8-fc-cGMP 6ȠƋ$	;ĄʌƂʂ9<; 19)8-fc-cGMP +
rȞ* C8¬)ɰĈfcĨ)Ȥǋ;̕ļČŨƂ*5)Ū	ʳ̕ļƂ?
ǃ$	;*Ƃˏ)8:YT\lNˏ*ǩǔƂ*̫	^IĨ&˱
Ɠȱ)ÿſ cGMPǙˤ?¢è;\lNˏʀʽŶ¸̧̰ \lNˏ S-OBfð
protein S-guanylatioṉ?˒̰ğ 2̱9,12,13)S-OBfð*ÿſ%+ɂ˹DI
*ʵ̓?©!$8-fc-cGMP*fcĨUWaDǡĨ*^IĨ&ɽ
ơ>:ɰǐĄˠȱ( cGMP*¢è®Ƞ;ɉ*ƍŖ;ȿɏŅ%+<
2%)8-fc-cGMP*ȠƋ£ˊUOe¨ˬǜǙ*ʵǏ?ʥ	8-fc-cGMP
Ķǚ(UOeǜʌ?ǃ;&?ƺ9)$̰ğ 3̱16)<2%) 8-f
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c-cGMP )8; S-OBfð*Ǜȱ\lNˏ&$ Kelch-like ECH-associated 
protein 1̰Keap1̱12,14)H-Ras17);	+zcRdBȒU_N\lNˏ 20)
('?ĉŃ$:<9* S-OBfð+˹ ðWcWſɛßŹ˗ÒĜļ*ǔ
ɋʥɬʊʁðzcRdBʔˡ˫Ƃ˰ɋĽ*̅ă?˃ő;&?ƺ9)
$	;28-fc-cGMP+ǖȕ*ǥĽ̅̄ßŹ)6̇>!$:Ƞȕɍ)Š
·ľ<UOeØļ%;&Ɇė<; 21,22)ǂ˜%+ǆȰʩ(9
mc)	$BRƂʈȊ&	!ȭƊ7̪ŮƋ(') 8-fc-cGMP ̇
$	;&ƺ9&(!$$	; 
 cGMP³ľƂraDLeZ̰cGMP-dependent protein kinase, PKG̱+ɬʊ
Ï* cGMP)³ľ$ǵƂð;YWIfraDLeZ%:ʤ
ɝŞȄɚ*ũɸ)8;ʤɝǜʌˇɞɈɯUerWĄīƂ*ˇɞʤŒǎǜʌßŹ(
'*ǚ(Ƞȝǜʌ*ßŹ)˻ʮ(Ųå?ǐ$	;̰ğ 4̱23)PKG)8;
˹ð*Ǜȱ\lNˏ&$+PKGʗ˖7zIUvWpA\Zˇɞ­ØļTq
f_cvWvVGWaZ̰ phosphodiesterase, PDE ̱ʤɝƗūĜļàȇ˹
ð\lNˏ̰vasodilator-stimulated phosphoprotein, VASP̱('Ⱦ9<$	; 23)
PKG *ǵƂð)"	$+"*ǜǙȾ9<$	;"ȵ*ǜǙ+ cGMP ³ľ
ȱ( PKGǵƂðǜǙ&Đ,<;*}b)	$̙ǟȗƊ%+PKG*ʶĻ
 10 
˵¬+ʗř̊ņd|D)8!$ʯ><$:*d|D¿Ĩˏ&$Ã	$
Ĩˏ\lNˏ*ƞ˜?ß̌$	;̰ğ 5A, Ḇ24)PKG) cGMPɰĈ;&
ʶĻ˵¬̘×Ǚˤ.&RpH|UĴð<)8!$ PKG *
˹ð˸ɪǵƂƹ;6
"*ǜǙ&$˫ ˹ðǦɪ7 Cu2+7 Fe3+&	!
˰ɋ˾ŖDI(')8:^I˹ð<;&)8!$cGMP($6
PKG *ǵƂð69<;&Ⱦ9<$	; 25,26)*8
( cGMP ̚³ľƂ
* PKG*ǵƂð%+PKG*Tqf_c̆;	+Tqf_cÏ)VWpC
dŮƋ<<)8;RpH|U*Ĵð)8!$cGMP̚³ľȱ)
˹ð˸ɪǵƂ*İè69<;˫˹ðǦɪ)8; PKG1α *ǵƂð%+42
Ȩȵ*UWaDTqf_c̆*VWpCdŮƋ)̇;&ĩĎ<
$	; 26) 
 
1.2  ǈȿɏ*ȵȱ  
 ɉ*ȿɏŅ%+<2%in vitro*ń̩)	$ 8-fc-cGMP cGMP&ĉǚ
) PKG*ǵƂðʌ?ǃ;&?ʰ×$	; 14,21)8-fc-cGMP+ cGMP&̤
«Ǚˤ?ǃ;&9˞* cGMP³ľȱ(ǜǙ)8: PKG?ǵƂð;
&Ɇė<;\lNˏ S-OBfð* PKG ǵƂð);Ųå)"	$
 11 
+³Ȏ&$ƺ%;%ǈȿɏ%+ 8-fc-cGMP PKG?'*8
)
ǵƂð$	;*Øļ|JfX{?ƺ9);5)PKG*ǵƂð)
; S-OBfð*̇)Ⱥȵ8-fc-cGMP& PKG&*Øļ̆ȷ¯Ȣ?ˀɬ
)ǗʹPKG*ǵƂð);* S-OBfð*Ųå+in vitroLeZB
_YD?Ȣ	$ʵǏ2in vivo)	$ PKG S-OBfð*Ǜȱ)(;
?Ǘʾ9)PKG * S-OBfð&GdcLUU_NȭƊ&*̇
˥)"	$ʵǏ?ʥ! 
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ɘ 2ɔ  ȿɏƵǯ  
2.1  ǉƲ  
 8-fc-cGMP+˫ü)ĩĎ<Ƶǯ)ŷ!$ˇʬ 14,17)8-q}OBiU
 3′,5′-Ȟȗ 1˹̰8-bromoguanosine 3′,5′-cyclic monophosphate; 8-q}-cGMP̱
&ķʒʟ 0111:B4 Ȥǋ* LPS +UOyɇ8:Ÿ8-q}OBiU 3′,5′-Ȟȗ 1
^I˹GWa RpBD[y̰ 8-bromoguanosine 3′,5′-cyclic monophosphorothioate, 
Rp-isomer; Rp-8-q}-cGMPS +̱kDIOɇ8:ːËpFfp+eJ
DaWNɇ8:Ÿɮơmc PKG1α8- PKG1β̰NǇ His \OɮơÌ̃
PKG1α 8- PKG1β% Sf21 ƸʣɬʊǓ*kLEDW)8:Ȱț̱+z
xBɇ8:ŸŁŃĉ¬®%Ǜˋ 8-fc-cGMP̰ 8-15NO2-cGMP ̱8- cGMP
̰c[15N5]-GMP̱+˫ü*ĩĎ&ĉǚ)ˇʬ 14,17)*¡*ʿʡ+ːË%;ǂ
̫ɩ*6*?9(;ɤʬ+ʥ>)Ȣ	 
 8-fc-cGMP)Ȗȩȱ(yEWȤǋ*}iNeƒ®̰1G6N̱8
-\lNˏ S-OBfð)Ȗȩȱ(ETMȤǋ*xNeƒ®+ƶĩ)Ȃ
$ɤʬ 14,17) 
 
2.2  ɮơ PKG*ˇʬ  
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 ɮơmc PKG1α + BacPAK kLEDWȰțUWa{̰Na_Nɇ̱
?Ȣ	$ȰțN Ǉ Flag \O¢%Rd;rWzd pBacPAK9-FLAG 
PKG1α+pAdTrack-CMV-FLAG PKG1α9İŝFlag-PKG1α̢Ħ?ċ4PCRƳȔ
?TqNfO;&)8:Ǚɠ 26)PKG1α*UWaD-YɽơĴ
ȩ®̰C42S, C195S, C42S/C195S̱+ pBacPAK9-FLAG PKG1α9 PCRĴȩ˃Ȱǯ)
8:ǙɠSf21ɬʊ)Ĵȩ Flag\O PKG1αrWzd&BacPAK6EDWDNA
?ĉƼ)őË<? BacPAKłÌħģ̰Na_Nɇ̱) 27˚C% 5Ƽ̆ħ
̨ħ̨̅ĺ 5Ƽ̆Ŷ)ƴ̬( BacPAKłÌħģ?è27˚C%9) 72Ƽ̆
ħ̨?ɲ*Ŷɮơ PKG1α?ȰțEDW?ċ4ħ̨Ǿ?ěĀ
rNB_YD)8:ɮơ PKG1αȰțEDW?ö̓Ŷsf21 ɬʊ)
*EDW?ƉǑ 60Ƽ̆ħ̨EDWƉǑ sf21ɬʊ? PBS%ěĀ
˓̝ǰɁɀɬʊDYc?ƒ FLAG M2BpCfaCQ̰UOyɇ̱&
ǼĒPBS%̵ěǳǷɮơ PKG1α\lNˏ? 3X FLAGur^dȃǺ̰ U
Oyɇ̱)8:ȃ× 
 
2.3  in vitro*ɦ); 8-fc-cGMP)8; PKG1α* S-OBfð  
 ɮơ PKG1α̰ 100 ng ?̱ 8-fc-cGMP& 100 mM Tris-HCl̰ pH 7.4 ̱)$ 37˚C
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%ÿſ*ń̩&+Ý*Öȝɾ&$PKG1α? 100 µM * Rp-8-q}
-cGMPS&rDLtU*Ǟ) 200 µM* 8-fc-cGMP&DL
tUŸ9<\lNˏǛē?)ʺˢ:EGW\q_c
7Ǻ®NycOpC̰liquid chromatography, LC̱\b{ĥˏ˽ØḬ̌tandem 
mass spectrometry, MS/MS )̱²S-OBfð˵¬?ĉŃ;5ɮơ PKG1a
*˼Ƞĥ8-UWaDĴȩ®? 200 µM* 8-fc-cGMP& 100 mM Tris-HCl̰ pH 
8.4̱)$ 37˚C% 180Ø̆ÿſÝ*ń̩Öȝɾ&$10 mM* DTTľ
Ģ%PKG1α? 200 µM* 8-fc-cGMP& 100 mM Tris-HCl̰ pH 7.4 ̱)$ 37˚C
%ÿſ 
 
2.4  EGW\q_c  
 \lNˏ?dbUɃ˹ecE{-xBNBzdQ̕ǥǲḛ̈sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis, SDS-PAGE̱%Ø̓*Ŷ PVDF
ʔ)˗Ò˗ÒŶ* PVDFʔ? 5̯*ʏʍ%q_LOƒ S-OBfð
ƒ® 14,17)ƒ PKG ƒ®̰T\NXkDIaNiVɇ ̱ƒ iNOS ƒ®̰BD
kDITDGWɇ ̱ƒβ-actinƒ®̰T\NXkDIaNiVɇ ̱ƒ
˹ð VASP ƒ®̰YUOeOaNiVɇ ̱ƒ VASPƒ®̰BNUWk
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DIPzJɇ ̱6+ƒ GAPDH ƒ®̰T\NXkDIaNiVɇ̱
*
 "&DLtcTr?Ǟƒ®*Êȫëȕɍ)ſ$˱Ɠ
 HRP *ɰĈǞƒ®&DLtcŶÊȫÿſƂ*kd?ðŀȰ
Éʿʡ̰ECL PlusGE sWPBkDITDGWɇ̱?Ȣ	$ȰÉȥÄØǏǜĘ
̰LAS1000UVŊĲpC{ɇ̱)8:Ǘ×Êȫÿſkd*Ń˽ð+D
|V J̰ National Institutes of Healtẖ?Ȣ	$ȁŃEGW\q_cȥÄ*U
OeŬţ?ŉţʵǏ;&)8!$ʥ! 
 
2.5  in vitroLeZB_YD  
 PKG*LeZǵƂ+ƶĩ 21) )ŷ!$ȁŃɡȅ)Ɇ&1 µg/ml* PKG1α
̰zxBɇ̱6+UWaDĴȩ®* C42SC195S ;	+ C42S & C195S
*˻Ĵȩ®?	"*ȩ(;Ȉţ* cGMP6+ 8-fc-cGMP&16 mM 
MgCl210 mM DTT0.1 mM BbiU 3˹̰adenosine 5′-triphosphate, ATP ̱
60 µM OW\Dd̰ GlasstideJkDIP{ɇ ?̱ċ4 20 mM Tris-HCl̰ pH 7.4̱
)$ 37˚C% 30Ø̆DLtcLeZǵƂ? ADP-Glo Kinase assay kit̰ r
|Kɇ̱)8:ʬērcR)ŷ!$ȁŃOpl_drX{ 6.0?
Ȣ	$Ÿ̚ɷŮěśǁɷ8:˸ɪÿſˣţˈȱʵǏ?ʥ	ǵƂð PKG* Vmax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8-ǵƂ?ßŹ;Kd%; cGMP;	+ 8-fc-cGMP&*ɰĈŃư̰ Ka, 
association constanṯ?ǩ52Opl_drX{ 6.0?Ȣ	$mr_
cʵǏ?ʥ	Hillµư?ǩ5 
 Ý*ń̩&$ɰĈ$	(	˩̓* cGMP˃ő®?ˮŽŧ̌ĵȉ˫pC\
^q̰Ultra Centricon30 kDaØȥzxBɇ̱?Ȣ	;&%ǵƂð PKG1α
*ǼĈǺ9Ø̓;ʏĭń̩?ʥ!2PKG1αȃǺ? cGMP˃ő®&ÿſ
Ŷ*˸ɪ^q)ČȺ;*?̉595̌ĵȉ˫pC\
^qÏ)è 0.1%* BSA?ċ4 100 mM Tris-HCl̰pH 7.4̱)*Tr
ÿſǺ?ǽèǞ)˩̓* cGMP ˃ő®?̎ü;5)PKG1αȃǺ?
0.1%* BSA?ċ4 100 mM Tris-HCl̰pH 7.4̱%ɼ:˝ǳ	(9̰6ě ̱̌ĵ
ȉ˫)²̰ 10,000 rpm10 Ø̆4˚C ̱ǂŶ)50 ml* 100 mM Tris-HCl̰ pH 7.4̱
?è$ PKG1α?ȉ˫ʔ9ěĀLeZB_YD)Ȣ	*̐ěĀ
<\lNˏ? PKG )Ō;EGW\q_c%Ʉ˂LeZB_YD)
²; PKG *˽?kdŬţ)Ĩ#	$ʫǠȁŃ8:Ÿ9<;LeZǵƂ
*˅ŘɟĞ?ǂŒð;5)<9*ʵǏ+ĉƷ)ʥ! 
 
2.6  ëȕń̩  
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 C57BL/6yEW̰̑̶˦̮̱+ëɇ8:ːËȑǈķŀȠđɊŀȿɏ˵*
ëȕń̩āƏʱá*ƙ˿)Ĩ#̥ʇń̩?ʥ!GdcLUU_N}
b+yEW) 32 mg/kg*ķʒʟȤǋ*Ïǣɪ%; LPS?ʓʑÏǱŏ$¯ʬ
 
 
2.7  IKkWW\bC̰zIOpC̱  
 ćyEW*ʋ˵ķëʎ8:ƥ×ö̓ʤɝO̰5 mm̱?əūƂĀɹ*ʵ
Ǐ)ʘ˯(âĀɹǊ¦%;ūæ1.0 g*ª̃ȗƊ%yDNaC_UIKk
W̰ MTOB-2ZwTxcɇ )̱ā:¢ķëʎO+pH 7.6*Krebs-Henseleit
ɸʧǺ̰ 118.4 mM NaCl, 4.7 mM KCl, 1.2 mM MgSO4, 1.2 mM KH2PO4, 2.5 mM CaCl2, 25 
mM NaHCO3, 10 mM ORW̱)Ǹ37˚C)· 95% O28-5% CO2*KW
?ōËķëʎO*ʤɝɵū*ȁŃ+ƶĩ)Ȃ$ʥ	26,27)	"*¯
Ȣʡ?Ōˍ&$pFfp)8;ʤɝĀɹÿſ.*¯Ȣ?ȁŃķëʎ?
8-fc-cGMP ̰200 mM̱6+8-q}-cGMP̰200 mM̱%2Ƽ̆Öȝ$
*226+Krebs-HenseleitɸʧǺ%ǳǷŶpFfp%˃őʤ
ɝĀɹÿſ?ʴŋ<9*ʤɝĀɹÿſ+ūæcWbTʵǏUWa
{̰PowerLabChart v5ADDW`|cɇ̱)8:ʺ́ 
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2.8  LC-GNcWrDIð-crĚ˻ǘ-MS/MS )8; 8-fc
-cGMP*Ń˽  
 mcöȜɬʊǓ THP-1 ɬʊ̰4.0×106 cells̱? 10 µM * 8-fc-cGMP &&6)
DMEMħģ% 37˚C% 30Ø̆ħ̨PBS%ǳǷŶɬʊ?ěĀ2%*
˷˹?ċ4ǧÔ|\i 1 mL%ɁɀɁɀTr? 10,000 g4˚C%
10Ø̆ˮŽØ̓Ÿ9<Ǿ?IBUW_NWJc_V̰ EH\Xɇ  ̱
?Ȣ	 cGMP˃ő®*Ġȷɤʬ)²Jc_V?|\i%ǳǷŶ
15%*Ǻ®B}fB?ċ4|\i 1 mL)8!$ cGMP˃ő®?ȃ×<
?ěĀȃ×Tr?ȹɐ%ȓɤʬǦ 0.2 mL)Ðȃʵ 
 THP-1 ɬʊ9ƕ× cGMP ˃ő®+ LC-GNcWrDIð
̰electrospray ionization, ESI̱-crĚ˻ǘ-MS/MS ʵǏ)8!$Ń˽
LC-ESI-MS/MSʵǏ+YMCcBc C18J{̰50 mm × 2.0 mmÏŴDG
{UCɇ̱%40˚C )$ 0.1%M˹*|\i? 12Ø̆% 1%9 60%2%*
ȶɷƂï˶%ˠȷ HPLC)Ŷ)BVc 6430 LC-MS/MSUWa{̰BV
caNiVɇ̱?Ȣ	$ʥ!ɶǶ˽+ 0.2 mL/minǱË˽+ 50 µL&
DIð+xVaCq}d)	$ 4000 V*Wr̕ġ)ʻŃG
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NcWrǯ?Ȣ	$ʥ!ɒɪ?ę̗KW&$Ȣ	ę̗*ġæ+ 50 psi
)ʻŃ*KW̰ɒɪ̱? 350˚C2%Ȓ10 L/min*Ƕˣ%˟ˬ;&%
ʏȃĻ?ʥ!Øļʧɑʵ̓)+̫ɨţ*ɒɪ? 0.05 MPa *ġæ%Ȣ	$ʧɑ
KW&˫ ü*ĩĎ)ŷ	 24,28)cGMP˃ő®+Ķ˻ÿſ}f\O ̰ multiple 
reaction monitoring, MRM }̱d?Ȣ	$Ń˽ðĉ¬®Ǜˋ 8-15NO2-cGMP
& c[15N5]GMP̰ <<*ɭȈţ 200 nM ?̱Ï˵ǛȂ&$Ȣ	8-fc-cGMP
*ɬʊÏȈţ+Ǘ× 8-fc-cGMP *ɶ˽?ʺ*8
)ƟŃɬʊˏ*
®Ɏ%å;&)8!$ɜ×Ʊș)8;&ɬʊ*®Ɏ*ǂķôØ+ǔ?ċ
4ʔ)ɰĈIKh%ø59<$:ŷ!$ǡ:* 50%ɬʊˏÏ)ƗƯ
;ÿſȕˏÞȢĄʌ(ɐ	$	;®Ɏ)ȷŭ; 29)4.0×106¹* THP-1ɬʊ)
	$ɐ	$	;ɬʊˏ®Ɏ+ 6 µL&ƟŃ<; 
 
2.9  cGMP˃ő®*Ø˶µư*ǫŃ  
 cGMP˃ő®)"	$Ƞ®ʔˡ˫Ƃ?ʱŃ;ȪǦƂ?ʵǏ;5)IN\i
Ǧ*Ø˶µư̰logPo/w̱?pWR̖ȴǯ)8!$ǫŃ 30)95Ǻ
®ħģ̸20 mM Tris-HCl̰pH 7.4̱6+ 0.1 M HCl̹?IN\i%IN\
i?Ǻ®ħģ%̦Ē100 µM* cGMP˃ő®?èǺ®ħģ?ə˽*
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IN\i&ǼĈ^q̖ȴṵ̈̀Bio Shaker M-BR-022UP\Da_Nɇ̱
?Ȣ	$ 25˚C%̳Ƽ̆î	8̖ȴǼĈǺ? 10,000 g25˚C% 2Ø̆ˮŽ
Ø̓ŶIN\iȷ?ěĀ0.1%*M˹% 100º)Ś˺IN\i
ȷ* 8-fc-cGMP *Ȉţ̸Co̰µM̱̹ ?˞*ˢ:LC-MS/MS ?Ȣ	$
Ǘ×logPo/w*¼?¤*ŧ)8:ɜ× 
   logPo/w = log Co/Cw = log Co/(100  Co) 
 
2.10  cGMPĠȷBKW?Ȣ	yEWŽɚɮɻ9* PKG*ƥ×  
 PKG1α*ÏĜƂ* S-OBfð?ˇ/;5)EGW\q_cʵǏ*âÖȝ
&$8-̰2-BziG^^IOBiU̱-cGMP-BKW ̰8-AET-cGMP-B
KWkDIOɇ̱?Ȣ	 cGMP-BKWr]Eǯ)8!$Rc
*yEW8- LPSÖȝyEW*Žɚɮɻ9 PKG1α?ɤʬ 31)yEW
Žʕv}Vhc̰5 mg̱? 8-AET-cGMP-BKW&ě˗(9 4˚C% 2Ƽ
̆DLtc̚ Ȗȩȱ)ɰĈ\lNˏ?ǳǷǺ̰ 50 mM Tris-HCl pH 
7.450 mM NaCl1 mM EDTA5 mM ˹ecE{1% Triton X-100̱%ě
W;&)8:̎üŶSDSTrk_pA% 95˚C% 5Ø̆Ȑǭ
<9cGMPɰĈ\lNˏ? SDS-PAGE%Ø̓ʺ*8
)EGW
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\q_c6+raI{ʵǏ) 
 
2.11  \lNˏ*ĉŃ& S-OBfð˵¬*ȖŃ*5*raI{ʵǏ  
 SDS-PAGE )$Ø̓Tr)"	$\lˏ*ĉŃ& S-OBfð
UWaDǡĨ*˵¬?ȖŃ;5)raI{ʵǏ?ʥ!NyUq
BcqǑʝ6+̀ǑʝQ9ȵȱ*\lNˏ*kd?Ù
:×QÏǹð&ur^dƕ×?ɯ$ LC-Q-TOF-MS/MS ?Ȣ	raI{
ʵǏ)²QÏǹð&ur^dƕ×+ƶĩ)Ȃ$ʥ! 32)S-OBfð˵
¬*ȖŃ)!$+ƶĩ)ŷ	S-OBfður^d?ÊȫʳĒƂJ{)8!
$Ȉɹ 21,22)<9*Ȉɹur^dTr+4^~h*eixr̰ G2226
BVcaNiVɇ ̱ŻŒǶ®Lq̰ G4240BVcaNiVɇ ̱
L~oxr̰ G1379BBVcaNiVɇ ̱ȀţʗëˇɞĘ̰ G1377A
BVcaNiVɇ̱?ÁIcTr%ǙƋ< HPLC ^_r
-MS UWa{&®)(!$	; ESI-Q-TOF \b{ĥˏ˽ØǏĘ̰6510BV
caNiVɇ̱%ʵǏÌ$*}V*ßŹ)+MassHunter[pc
EFB̰ version B.02.00BVcaNiVɇ ?̱°ȢŻŒǶ®ˠȷ HPLC
^_r̰Zorbax 300SB-C18ɣŴ 5 mmÏŴ 75 mÌ̃ 43 mm̱?ur^d*Ø̓
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*5)Ȣ	MSēˏəɩ*Ǧ)ȃ 0.1%M˹̰ȃĻ A̱&BYcfc
)ȃ 0.1%M˹̰ȃĻ Ḇ?ɋëȷ)Ȣ	eixr)8: 600 nL/min*
ï˶eiǶë?ŮƋï˶+ 9Ø̆%ɋëȷ B 5%9 75%.&(;8
)
Tr*ÇĮ)+Ƕˣ? 4 mL/minɋëȷ? 0.1%M˹&$L~o
xr?Ȣ	BVcaNiVɇ* ESI-Q-TOF ǜĘ+xVaCqDI
ð}d)$DIð̕ġ? 1850 VƳȔð̕ġ? 300˚C 175 V%˪Ȣr
cðDIØļ+ʧɑGhM̕ġ? 3 V9 100 Da&) 3.7 Vİ7
8
ʻŃʗëMS/MS}d)$ƳȔð˱Ɠ m/zŝ+MS}d% 300 
Da9 2400 Da2%MS/MS}d% 59 Da9 3000 Da& 
 *8
(Ǌ¦);ˏ˽ØǏ*Ǝ̠&$2MSʵǏ)8:Tr)
ċ2<;ur^d*6*̰precursoṟ*Øļ˽?Ǘ×Ǟ)*ur^d)Gh
M?è$ƳȔð̐*ƳȔðl\?Ǘ×;&%̰MS/MS pO|
aU ̱*ur^d*Bzi˹˶Ú?ĉŃ\lNˏ*'*˵¬)
ŭ;?ȖŃPKG1α); S-OBfð*ĉŃ)+Ŷ˞;b\ʵǏ
ʻŃ%Ǘ×<ur^d*
 CysǡĨ)	$ cGMPǙˤ*¢è¸̧)ȷŭ
;Øļ˽*İèʴŋ<;6*? S-OBfður^d&$ÜŃPKG1α*
ć CysǡĨ); S-OBfð*ǃȍ?ǫŃ 
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 LC-Q-TOF-MS/MS*ʵǏɰǐ+MascotʛpAD*Øļ˽Wc*b\&
$Ÿ*b\?Matrix scienceEFqTk*MascotkV 2.2.Ŷ˞
*ʻŃ%ËæMascot MS/MSDIǗɫ̰̚Ñ̃b\tWÌɢkDIaN
iVƆĩY\̱);&%b\ʵǏ?ʥ!Mascot MS/MSDI
Ǘɫ)Ȣ	ƶŃ*ËæʻŃ+Ǟ*ˢ:%;˸ɪ+crUÙƳĹƭ*ǂķ
ư+̳ĄĴ¸̧+Jkzd|^ð̰UWaDǡĨ̱& cGMP¸̧̰UWaD
ǡĨ ̱ur^dʼŇ˅Ř+± 1.2 DaMS/MSʼŇ˅Ř+± 1.2 Daur^d*̕ʞ
+ 2+& 3+ǜĘ\Dr+ ESI-QUAD-TOF&ĉŃ*̏ƂÜŃ+ɰǐ* [−10 × 
log(P)] *WRB̈¼t8:̣ʠ)­	&̰p < 0.05̱& 
 
2.12  yEWŽɚɮɻ* VASP*˹ð  
 PKGǵƂð*ƙǛ&$VASP*˹ð?ʵǏLPS?Ƒ$ 12Ƽ̆
ŶyEW*Žɚɮɻ?ěĀ50 mM HEPES̰pH 7.4 ̱ 1% Triton X-10010% O
Y150 mM NaCl1.5 mM MgCl21 mM EGTA50 mM NaF1 mM Na3VO4 
raBZ̊ņãJNa̰cOmpleteMiniEDTA-freeUɇ̱?ċǃ;
ɮɻ* 15º˽*ɸʧǺ%ɁɀŸ9<ɁɀTr+ǧ% 30Ø̆D
LtUŶ10,000 g4˚C% 30Ø̆ˮŽØ̓ɮɻǡȔ?Ǭ̋
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Ǿ̰<<\lNˏ˽ 10 µg̱?ƒ˹ð VASPƒ®*EGW\q_c
)²9)ĉq_c?ƒ VASPƒ®%ʵǏVASP*ɶ˽?ȁŃ 
 
2.13  ɱʸʵǏ  
 Ń˽ȱʵǏ*ɰǐ+ŞĤ¼ ± ǛȂ½Ř̰SḎ%Ɇćń̩Ǌ¦*b\+
œ(&6̵ě*Ý*ń̩9Ÿ9<ɱʸʵǏ)+ Student’s TǗŃ?Ȣ	 
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ɘ 3ɔ  ȿɏɰǐ  
3.1  in vitro); PKG* S-OBfð*ʵǏ  
 2Û5)PKG* S-OBfð˒;'
?ˇ/;5)in vitro)
	$ 8-fc-cGMP &*ÿſ)8; PKG * S-OBfð?ʵǏɮơmc
PKG1α?ʿ̩ɝÏ% 8-fc-cGMP &ÿſƒ S-OBfðƒ®?Ȣ	EG
W\q_c?ʥ!*ɰǐ8-fc-cGMPÖȝ+ÿſƼ̆³ľȱȈţ
³ľȱ)ƺȻ) PKG1α? S-OBfð;&Ø!̰ ğ 6A, B ̱2PKG1α
* S-OBfð*˱ƓƂ?ʵǏ;5)^IĨ?ǃ; DTT&ɖĈ$ 8-
fc-cGMP&ÿſ&=PKG1α* S-OBfð+ 10 mM DTT*ľĢ%
6ƺȻ)Ǘ×<̰ğ 7A ̱ƵPKG1α* S-OBfð+cGMPBeO%
; Rp-8-q}-cGMPS*ľĢ)8:˵Øȱ)̊ņ<&9̰ ğ 7B ̱Rp-8-q
}-cGMPS )8; PKG* cGMPɰĈ˵¬.*ɰĈ+ S-OBfð&ɖĈ;&
Ɇė<¡* PKGBD[pH{%; PKG1β6 8-fc-cGMP)8:êȚ
ȱ) S-OBfð<;&Ɇ<̰ğ 8 ̱ 
 Ǟ)PKG1α* S-OBfð˵¬?ȖŃ;5)raI{ʵǏ?ʥ!8-
fc-cGMP %Öȝ PKG1α?crU%ǹðŶȠur^d*
 
S-OBfð<UWaD?ċ4ur^d?BpCfaCNycOpC
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%Ȉɹ<9*Bzi˹˶Ú?ˏ˽ØǏ& Mascot b\tW?Ȣ	$ʵǏ
*ɰǐćur^d*ˏ˽&* MS/MSpO|aUl\ĉ
Ń<Cys42 & Cys195 ?ċ4 2 "*ur^d S-OBfð?Ă$	;&
Ø!̰ğ 9 ̱PKG1α+ 11¹*UWaDǡĨ?ċ@%	;Cys42& Cys195
¤ĵ)S-OBfð<ur^d+Ǘ×<(! 
 PKG1α* S-OBfð˵¬)"	$42Ȩȵ2+ 195Ȩȵ*UWaD*Y 
.*Ĵȩ®̰C42S8- C195S ̱8-ǡĨ*Ĵȩ®̰C42S/C195S̱?Ȣ	$
9)Ʉ˂?(!*ɰǐPKG1α* S-OBfð+öȘĴȩ®̰C42S
2+ C195S̱%ʠƺ)Ɛß<ǡĨĴȩ®̰C42S/C195S̱%+ S-OBfð
+Ǘ×%(	t2%ǿœ̰ğ 10A ̱<9*&9PKG1α* 11¹*
UWaDǡĨ*
 Cys42 & Cys195 )˱Ɠȱ) S-OBfð˒;&Ɇ
<̰ğ 10B ̱ 
 
3.2  PKGǵƂ)Ō; S-OBfð*ű̞  
 Ǟ)S-OBfð˸ɪǵƂ);ű̞?ƺ9);5)˼Ƞĥ8-
CysĴȩ® PKG1α?Ȣ	$ in vitroLeZB_YD?ʥ!ɉ*ƍŖ;ȿɏŅ
*¤â*ĩĎ&ĉǚ)8-fc-cGMP + cGMP &ĉɌţ)˼Ƞĥ PKG1α?ǵƂð
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;&Ɇ<̰ğ 11 ̱(ƍŖȿɏŅ* LPS&ȊȮƂTDcJD?Öȝ
 C6ɬʊ*ʵǏɰǐ9cGMP*ɬʊÏȈţ+ɧ 4 µM8-fc-cGMP*ɬʊ
ÏȈţ+ǂķ 40 µM )ˬ;&Ɇ<$	; 14)̚ɷŮěś)8;˸ɪÿſˣ
ţˈȱʵǏ?ʥ!&=cGMP 8- 8-fc-cGMP )8; PKG1α*ʰ*
LeZǵƂðŃư̰Ka̱+<<110 ± 5 nM119 ± 3 nM%!Hillr
_cʵǏ9cGMP& 8-fc-cGMP* Hillµư+̳8:ķPKG* 2"
* cGMPɰĈ˵¬)Ō$Øļ 2"õˇȱ)ɰĈ;(> ̳"ȵ*Øļ*ɰ
Ĉ)8!$ 2"ȵ*Øļ*ɰĈ¶˧<;&Ɇ<̰ğ 12 ̱ 
 Ǳȵ/&)ÿſǺ9 PKG)ɰĈ$	(	˩̓* cGMP8- 8-fc
-cGMP ?̎üŶ)˸ɪǵƂ?ȁŃ;&cGMP & 8-fc-cGMP &*̆)
ǃƈ(˭	ʴŋ<ʏĭÖȝ(	ĪĈ8-fc-cGMP+ cGMP&ĉɌţ)
PKG1α?ǵƂð̰ğ 13A ̱(98-fc-cGMP%Öȝ? PKG?
ʏĭÖȝŶ)˸ɪǵƂ?ȁŃ;&cGMP Öȝ PKG *ǵƂðǃƈ)­;*
)Ǥ/˸ɪǵƂðt̫ɳƘ<$	̰ğ 13B ̱*ɰǐ+PKG1α&
cGMP*ȷ¯ȢɰĈŞʨ)³ľ;&ŷ!$cGMP+ʏĭÖȝ*̆)Ąˠ
ȱ) PKG1α9ʵ̓;&?Ɇė$	;Ōȏȱ)PKG1α& 8-fc-cGMP
*ȷ¯Ȣ+ƃ9ŁŃ( S-OBfð¸̧*5)ʏĭÖȝ)8!$2:
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ű̞?Ă(!&ʂ9<;8-fc-cGMP )8; PKG *Ąˠȱ(ǵƂð
 S-OBfð)8;6*'
?ƺ9);5)˼ Ƞĥ8- CysĴȩ®
PKG1α*˸ɪǵƂ?ʵǏC42SĴȩ®* 8-fc-cGMP)8;ǵƂð+˼Ƞ
ĥ PKG1α%ʰ9<8
)ʏĭÖȝŶ6ű̞?Ă(!̰ğ 14 ̱Ōȏȱ)
C195SĴȩ®& C42S/C195S˻Ĵȩ®+8-fc-cGMP)8;˸ɪǵƂð)	
$ʏĭÖȝ)8;ű̞?Ă;8
)(!<9*b\9Cys195 * S-
OBfð 8-fc-cGMP)8;Ąˠȱ( PKG1αǵƂð?˒&ŬɆ
ė< 
 
3.3  ʤɝĀɹʡÖȝ)8;ʤɝÿſ)Ō; 8-fc-cGMP*ű̞  
 cGMP-PKG UOe+ŞȄɚ*ũɸ? $ʤɝc*ßŹ)˻ʮ(Ųå?ǐ
$	;&8Ⱦ9<$	;%ʠʃ9+S-OBfð³ľƂ*Ƙɲ
ȱ( PKG*ǵƂð*5)8-fc-cGMP cGMP&+ȩ(;ʤɝÿſ?˒
&%;*%+(	&ʂ*¥ˆ?Ǘʾ;5)ex vivo*yEWë
ʎO*IKkWB_YD?Ȣ	$ʤɝĀɹʡ%;pFfp)8;
ʤɝÿſ)Ō; 8-fc-cGMP *êǐ?ˇ/*ʵǏ%+ʔˡ˫Ƃ% PDE
ƔƒƂ%; 8-q}-cGMP? cGMP*£>:)Ȣ	 
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 IN\i̲ǦØ˶µư̰logPo/w̱+ćȕˏ*Ǧȷ9IN\iȷ.*ɋ
ʥ*Ɍţ?Ɇ¼ķ	0'ȪǦƂ%;&?ɆpWR̖ȴǯ)8!$
8-fc-cGMP* logPo/w+pH7.4*ƂǊ¦% cGMP)Ǥ/$IN\iȷ.
*ɋʥ 100ºɌţ&̣ʠ)̫8-q}-cGMP&ĉɌţ*ȪǦƂ?Ɇ&ƺ
9&(!̰ʩ 1 ̱2˹ƂǊ¦%+ 8-fc-cGMP 8- 8-q}-cGMP
*ȪǦƂ+8:̫(;&Ɇė< 
 ȪǦȱƂˏɄ˂< 8-fc-cGMP *ɬʊʔˡ˫Ƃ?Ǘʾ;5)ħ̨
ɬʊ?Ȣ	$ 8-fc-cGMP ?ɬʊĵ)ǽèĪĈ)ɬʊʔ?'*ɌţêȚȱ)
ˡ˫;?ˇ/mcöȜǚ THP-1ɬʊ? 10 µM 8-fc-cGMP% 30Ø̆Öȝ
?;&ɬʊÏ* 8-fc-cGMPȈţ+ 104.3 ± 39.8 nM%!O\^I
+8-fc cGMP*ɬʊÏ%*ŁŃƂ)ű̞?þ1ǂ6ˌŊ)ľĢ;ɬʊÏ^
I%;in vitro%*ʵǏ91 µM 8-fc-cGMP& 1000º˫ä̰1 mM̱
*O\^I?Ƃk_pA%37˚C2Ƽ̆ÿſŶ%ɧ 50%*
8-fc-cGMP ÿſǺ)ǡ!$	;&Ɇ<̰ğ 15A ̱9)ĵ9
è 8-fc-cGMP )ķëʎO?ǀ̘ĪĈ)ķëʎO% 8-fc
-cGMPŁŃ)Ǘ×<;'
?ˇ/*ɰǐLC-MS/MSʵǏ)8!$ķ
ëʎO9 8-fc-cGMPǗ×<̰ğ 15B ̱2EGW\q_c)
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8:ķëʎO* 8-fc-cGMP ɮɻ*\lNˏ? S-OBfð;
&Ɇė<̰ğ 16 ̱ 
 %Ǟ)8-fc-cGMPÖȝʤɝÿſ);ű̞?ˇ/Ȣ	ń̩
Ǌ¦)	$8-fc-cGMP+yEWķëʎ*pFfp³ľƂʤɝĀɹ?
̣ʠ)Ɛß̰ ğ 17lh ̱8-fc-cGMP69ʤɝÿſƂ*­+
Krebs-HenseleitɸʧǺ%ķëʎ?ǳǷIKkW9 8-fc-cGMP?̎ü
Ŷ%ƺȻ)ʴŋ<̰ğ 17lh ̱8-q}-cGMP)8;Öȝ62
ëʎ);pFfp³ľƂ*ʤɝĀɹ?ǿŪ̰ ğ 17lh ̱
(98-fc-cGMP &+Ōȏȱ)* 8-q}-cGMP *¯Ȣ+I
KkW9 8-q}-cGMP ?̎ü;&)8:ǹĹ̰ğ 17lh ̱
<9*b\8:8-fc-cGMP+ƃ9 S-OBfð)8; PKG*Ƙɲȱ
(ǵƂð)8:ʤɝ)Ō$8:̃	Ƞȕÿſ?Ũ˒&Ɇė< 
 
3.4  in vivo); PKG* S-OBfð& LPSÖȝ)8;İŬ  
 ǂŶ)in vivo); PKG* S-OBfð?ˇ/;5)LPSƑ}by
EW); PKG * S-OBfð?ʵǏʵǏ)ʮ;ɮɻ˽?óØ)Ÿ;
5)ʤɝ*£>:)ĉźȞĘɦ%;Žʕɮɻ?yEW9ƥ×Ȣ	8-f
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c-cGMP*ȠƋ)+ ROS& NOžʮ%;&9in vivo% ROS& NO*ȡ
Ƞ?˃ő;5)yEW) LPS?ʓʑÏƑ* LPSƑǊ¦)	$
LPS Ƒ 6 Ƽ̆Ŷ)yEWŽʕ%* iNOS Ȱț*ǃƈ(İèʴŋ<iNOS *Ȱ
ț+ 12Ƽ̆Ŷ2%ɸ7)İè̰ğ 18 ̱ 
 ŁŃĉ¬®Ś˺ǯ& LC-MS/MS?Ȣ	ʵǏ)8:LPSƑŶ 12Ƽ̆*yEW
Žʕɮɻ)	$ 8-fc-cGMPʠƺ)İè̰ğ 19 ̱EGW\q_c)
8:ĉɮɻ*\lNˏ S-OBfðİè$	;&ƺ9)(!̰ ğ
20 ̱%Ǟ) LPSÖȝ)8: PKG* S-OBfð6İè$	;?ˇ/
yEWŽʕv}Vhc9cGMP?ĠȷðBKWQ?Ȣ	$PKG?
ċ4 cGMPɰĈ\lNˏ?ƕ×̕ ǥǲë?ʥ!Q*̀Ǒʝ)8:cGMP
BpCfaC)8:v}Vhc9ƕ×<ʭư*\lNˏ?Ǘ×̰ ğ
21A ̱ʮ(̵"*kd+PKG1̰kd 1 ̱cAMP³ľƂraDLeZ 
\Dr-IαˇɞTqf_c̰kd 2 ̱BN^̰kd 3̱%!̰ʩ 2 ̱ƒ
PKGƒ®?Ȣ	EGW\q_c)8:kd 1+PKG1%;&Ʉ˂<
̰ğ 21B ̱ƒ S-OBfðƒ®?Ȣ	EGW\q_c)8:LPS Ƒ?
$	(	ĪĈ%6 PKG1* S-OBfðƺȻ)ʴŋ<<+ŃŜȗƊ)
	$ PKG * S-OBfð? Ƞȝȱ(UOe¨ˬ?Ɇė;˻ʮ(ɰǐ
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&ƀ><;̰ğ 21C ̱bUc|cʵǏ%+LPSƑ)8: PKG* S-OBf
ðǃƈ)İè;&Ɇ<ɶ PKG)Ō; S-OBfð PKG*kd
Ŭţ*ǤȚ+PBS ƑRc& LPS ƑTr%<< 0.230.57
%!<9*b\+in vivo)	$Ȗ) NO& ROS*˫äȡȠ*6&
%PKG * S-OBfð˒;&?Ɇė$	;ǂŶ)LPS Ƒ8-R
c*yEW)"	$PKGǵƂð*ƙǛ&$ VASP*˹ð?ˇ/
*ɰǐVASP*˹ð+LPSƑ)8:PBSƑRc)Ǥ/İè
ʰ9<̰ğ 22 ̱ɶ VASP)Ō;˹ð VASP*kdŬţ*ǤȚ+LPS
ƑyEWŽʕ%+ PBSƑRc)Ǥ/ɧ 1.8º̫˞* LPSƑ)8
; PKG S-OBfð*İè&̫	ȷ̇Ɇ< 
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ɘ 4ɔ  ʂŋ  
 ǈȿɏ)	$8-fc-cGMP+ in vitro)	$ PKG1? S-OBfð;
&ƺ9)(!PKG1α* CysĴȩ®?Ȣ	EGW\q_c&ˏ˽ØǏ)
8;ʵǏ)8: Cys42& Cys195 S-OBfð?Ă;Bzi˹ǡĨ%;&
ƺ9)(!CysĴȩ®?Ȣ	 in vitro LeZB_YD)8:Cys195* S-
OBfðPKG1α*ƘɲȱǵƂð)̇>;&ƺ9)(!˞*8
)
PKG1α+ǜʌȱ)ȩ(;	"*d|D%ǙƋ<$	;̰ ğ 5A ̱NǇɕ)
	$RDdRDŞʥ(v}˽®*Ǚˤ*ŮƋ?¶$:<)ɲ	$
ʗř̊ņ̰AI̱d|D& 2"* cGMPɰĈ˵¬ľĢ<9*d|Dõĉ
$ C Ǉɕ*ʶĻǵƂ?ßŹ$	;̰ğ 5Ḇ23,33,34)AI d|D+ƨ«Ĩˏ˶Ú
?ǃ;ĄëƂ*̫	mVYO|c%:CǇɕ*ʶĻŽǵƂ(ȗƊ)
(;8
)ʗř̊ņ$	;6*&ʂ9<$	; 23,33,34)Cys195+̫ʳĒƂ cGMP
ɰĈ˵¬)ľĢ$	;̰ğ 5A ̱cGMP̫ʳĒƂd|D&­ʳĒƂd|D*
Ƶ)ɰĈ;&LeZǵƂ?ǂķ)ȰƢ;5)žʮ(ɓ®Ǚˤ*Ĵð˃
ő<;&ʂ9<$	; 23,33,34)ǈȿɏ%PKG1α* S-OBfð Rp-8-q}
-cGMPS*Îľ%˵Øȱ)Ɛß<;&Ɇ<̰ğ 7B ̱*&+ĺ5
) 8-fc-cGMP̫ʳĒƂɰĈd|D.ɰĈ*Ŷ Cys1959*ǩǔƫƦ
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)8: Cys195* S-OBfð˒;&%Ƙɲȱ(˸ɪ*ǂķǵƂð?Ũ˒
̫ʳĒƂ cGMPɰĈ˵¬.* cGMPǙˤ*ĠŃð69<;&?Ɇė$
	;̰ğ 23 ̱ 
 Ǳȵ/&&$Cys195*˹ð+ PKG1α* cGMP̚³ľƂǵƂð)̇>;
&ĩĎ<$	;Landgraf9+Cu2+7Fe3+&	!˰ɋ˾ŖJ^I)PKG1α
?ǀ̘;&cGMP ̚ľĢ%6˸ɪ*ǵƂð¶˧;&?ƺ9) 25)
Cys117&Cys195*̆6+Cys312&Cys518*̆*VWpCdɰĈ*ŮƋ
*8
( cGMP̚³ľƂ*˸ɪǵƂð)̇;&Ɇ<$	; 25)2ų
9+ Cys195?ċ4 PKG1α* CysǡĨ?dBYcBzd)8:BLð$6
˸ɪǵƂð˒9(	&?Ɇ*&9Cys195 );JwLU|
^ð('*öɨ(BLð+ PKG1α?ǵƂð;*)óØ%+(	&Ɇė
<$	; 25)Osborne9)8;ˀɬ(ǙˤʵǏ)8:Cys117& Cys195*̆)V
WpCdɰĈŮƋ<;& AI d|D&ʶĻŽ&*ȷ¯Ȣı<$
*ɰǐ PKGʗř̊ņ9ʵƬ<;&Ɇ<$	; 24)Ōȏȱ)Cys312
ʶĻd|D*ǵƂðr)ľĢ; Cys518 &VWpCdɰĈ?ŮƋ;Ą
ʌƂ+ǘ5$­	&ʂ9<;*8
(&9Cys195+Cu2+7 Fe3+)8;
Cys117 &*VWpCdɰĈ*ŮƋ? ǵƂð&8-fc-cGMP )8; S-O
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Bfð? ǵƂð&	
8
)PKG1αǵƂð*|JfX{)	$˭ !
2"*Ųå?Ɩ!$	;&ʂ9<; 
 PKG1α& 8-fc-cGMP *Øļd_LOʵǏ)8:8-fc-cGMP + cGMP
&ĉǚ)̫ʳĒƂɰĈxP_c)ɰĈ;&Ɇė<̰ğ 24 ̱d_LOʵ
Ǐ9Cys195&̚Îǃȱ)ɰĈ 8-fc-cGMP* C-8&*̆*˔̓+ɧ 21I
OWc{&ƟŃ<*ɰǐ9S-OBfð*Ŷ+ 8-fc-cGMP*
cGMP˵Ø̫ʳĒƂɰĈxP_c)Ȧ2:ɲ<)8:˸ɪƘɲȱ)ǵƂð
<;&	
ĄʌƂƟŋ<;*Ɵŋ+Őǋ9)ˀ	ǙˤʵǏʥ><;
&%Ʉ59<;%=
 
 6
̳"* S-OBfð˵¬%; Cys42 +RDdRD˽®ðd|D&
AI d|D*̆)ľĢ$	;<2%)˫˹ðǦɪÖȝ+ćTqf_c*
Cys42 ĉĲ%Tqf_c̆VWpCdɰĈ*ŮƋ?˒ǙˤĴð? $
cGMP ̚³ľȱ) PKG1α?ǵƂð;&ĩĎ<$	; 26)ǈȿɏ*b\%
+C42S Ĵȩ®+˼Ƞĥ&ĉǚ) 8-fc-cGMP %ǵƂð<;&9Cys42
) S-OBfð+˒;6**˸ɪ*ǵƂð)+ű̞(	&Ɇ<̰ ğ 10
14 ̱ 
 ǈȿɏ)8:8-fc-cGMP+ PKG1α%( PKG1β)6 S-OBfð?6
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9&ƺ9&(!̰ğ 8 ̱PKG1α& PKG1β+ prkg1 ˲¨ļ9I\e
aCqWrDUO)8:Ƞ; PKG1*BD[pH{%; 35)* 2"*B
D[pH{+ N Ǉɕ*DUV_ld|Dȩ(!$	; 36)\l
Nˏ S-OBfð)̇$+PKG1β%+PKG1α* Cys42)ȷŭ; NǇɕ* Cys
ǡĨǝĹ$	;¡* CysǡĨ+ PKG1α&ǘ5$8ʙ$	;̰ğ 25 ̱
ŷ!$PKG1α* Cys195)ȷŭ; PKG1β* Cys210 8-fc-cGMP)8; S-O
Bfð?Ă;˵¬%;&Ɵȁ<; 
 ˫ü*ȿɏ)8:8-fc-cGMP+ʤɝ)Ō$ȷƂ*¯Ȣ?Ɇ&ʰ×
<$	; 14)Ïȳ?ǃ;ķëʎʤɝO%+10 µM¤* 8-fc-GMP+
95Āɹʤɝ)Ō$ũɸ?Ũ˒10 µM8:̫	Ȉţ%+ʤ
ɝ*Āɹ?ʠƺ)İŬ8-fc-cGMP)8;ʤɝĀɹ+*Øļ*d_N
WǵƂ)8;6*&ʂ9<;(> 8-fc-cGMP+̕ļ*BJ_r
Oÿſ? $Ïȳĥ NOĈƋ˸ɪ9*WlILUdȡȠ?¶˧;*8

)$ȠƋWlILUd+ NO*ȠȕǵƂ?ǹĹ;Ƶ%8-fc
-cGMP+ʤɝũɸ¯Ȣ6Ɇ<+8-fc-cGMPƃ9 PKG*ǵƂð
? $ȶƞʤɝũɸ?Ũ˒&?Ɇė;ǈȿɏ)	$8-fc
-cGMP )8;ʤɝũɸ+ƘɲƂ)ʴŋ<;&Ɇ<S-OBfð)8;
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PKG1α*Ąˠȱ(ǵƂð*Ƙɲȱʤɝũɸ)ň$	;ĄʌƂƺ9&
(!ǵƂð PKG1α+Ǜȱ\lNˏ?˹ð;&)8:ʤɝũɸ?
69zIU˘̰̂myosin light chain, MLC̱*˹ð+ŞȄɚ*ĀɹƂ?Ʃ
˶;˻ʮ(Ĝļ%; 37,38)ǵƂð PKG1α+MLCʏ˹ð˸ɪ?ǵƂð
;&)8: MLC*ʏ˹ð?¶˧ŞȄɚ*ũɸ?69 37,38)(
9PKG1β+<&+ȩ(!ǜǙ%ŞȄɚ*ũɸ?ßŹ$	; 37,38)±,
PKG1β*ǵƂð+ɚŒʊ®9*JUE{*Ƭ×Ɛß? $ MLCLeZ*
̊ņ?69 37,38) 
 \lNˏ* S-OBfð+ÎǃɰĈ)8;Ąˠȱ(ÿſ%;5*8

(¯Ȣ?ßŹ;5)+\lNˏ*Øʵžʮ&ʂ9<;ɉ*ƍŖ;ȿɏ
Or+¤â)ɬʟƉǑ)	$ȠƋ; 8-fc-cGMP ʟ®*\lN
ˏ S-OBfð? $´ Ëɬʟ*IcpAV)8;ɬʊÏǹð)̇>;
&?ƺ9) 39)*&9IcpAV)8; S-OBfð PKG*
Øʵ*8
( PKG *ǵƂßŹ)̇>!$	;ĄʌƂɆė<;2Dey
9+nL^-raB[{ɯ˕*ǵƂð)8: PKG1Øʵ<cGMP)8
; PKG1 UOeƐß<;&?ĩĎ 40)țƼȌ%+S-OBfð PKG
*Øʵ˫Ɍ)"	$+2ǆʵƺ%;IcpAV7raB[{)8;
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Øʵ?ˇ/;&)8!$8-fc-cGMP )8; PKG ǵƂð*|JfX{*ßŹ
ǜǙ&*ȭƊȠȝȱƈɿ*ʵƺ˧46*&ʂ9<; 
 ğ 16 8-ğ 20 %Ɇ8
)ʭư*\lNˏ 8-fc-cGMP àȇ)8;
S-OBfð*Ǜȱ&(!$	;ɍ*ʳ̕ļȕˏ+ʤɝũɸ?Ũ˒&
Ⱦ9<$	;*%PKG ¤ĵ*\lNˏ* S-OBfð*Ųå+<9ˇ/
;žʮ;±,\|_N9ö̓<;ĸȎ*pFiðĈȕ%;
NNz+ʳ̕ļƂ?ǃq\*ÓëʎO)Ōũɸ¯Ȣ?Ɇ&Ⱦ
9<$	; 41)*8
(NNz*ũɸ¯Ȣ)+ÏȳȤǋ NOȠƋ*ǵƂð̇
>;&Ɇė<$	;ƵÏȳ)³ľ(	NNz*ʤɝũɸ¯Ȣ6ĩ
Ď<$:NNz*ʤɝũɸ¯ȢǜŢ+Ǌ¦)8:ȩ(;&Ɇė<;
42)2ʍˏ*˫˹ðÿſ)8:Ƞ;ʳ̕ļƂȕˏ%; 4-mdLUihe
6mcķʐëʎ*ũɸ?˒&ĩĎ<$	; 43)4-mdLUihe
*ũɸ¯Ȣ+Ïȳ³ľȱ%:ƃ9Ïȳ);ɬʊÏUOe*ßŹ)8;6
*&ʂ9<;9(;ʵǏ)8:Ǜȱ\lNˏ8-<9*ʤɝcß
Ź);ǜʌ*ʵƺ˧46*&ʂ9<; 
 Ƞ®Ï* 8-fc-cGMP *t+Ķ*Ĝļ)8:ßŹ<$	;ɬʊ8
-ɮɻÏ%+Ƞ®Ï*fcð¯Ȣȕˏ)8:ˌŊ)ľĢ; GTP ǂÛ)f
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cð<; 14)lILUeDcDc+ NO&WlILUdVJ&*ÿ
ſ%Ƞ;Ŭæ(fcð¯Ȣȕˏ%; 44)Ƞȝȱ pH%+lILUeDc
DcrcðŮ%;˫˹ðɂ˹9Ĥðÿſ)8:mdLU
VJ&˹ðɒɪȠ;ȠmdLUVJ+OBf?˹ð;
&)8:OBfJ^IVJ?ȠƋ<Ǟ)˹ðɒɪ&ÿſ 8-fc
OBfȠƋ;ɂ˹DI-zGlILU]Z-˫˹ðǦɪUWa{
+6
̳"*˻ʮ( 8-fcOBf*ȠƋɦ%;*ɦ%+˫˹ðǦɪľĢ
%ɂ˹DIzGlILU]Z)8:˹ð<˹ðɒɪȠƋ;
zGlILU]Z&˫˹ðǦɪ&*ÿſ+2OBf?˹ðOBfJ
^IVJ?ȠƋ;&%;zGlILU]ZʭĈ® I?ȠƋ
;ǂɭȱ)OBfVJ+˹ðɒɪ&ÿſ 8-fcOBf?ȠƋ;
8-fc-GTP +*ŶOBf˹UNZ*ʶĻ¯Ȣ)8: 8-fc-cGMP .&
Ĵơ<;ğ 188-ğ 198:LPSƑyEW*Žʕɮɻ%+iNOS*
̣ʠ(Ȱț&&6) 8-fc-cGMP ʠƺ)İè;Ƶ% cGMP +0&@'Ĵð
(	&ƺ9&(!ğ 19 *ɰǐ8:yEW*Žʕɮɻ* 8-fc
-cGMP8- cGMP? LC-MS/MS)8:Ń˽ȱ)ʵǏɰǐ9LPS&ȊȮƂ
TDcJD*Öȝ)8:8-fc-cGMPʠƺ)İè;Ƶ%cGMP0&
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@'Ĵð(	&ƺ9&(!$	;Áȱ(ń̩9OBf˹UN
Z+ GTP)Ǥ/fcð GTP?8:êȚ*ʜ	Ĩˏ&;&>!$$	
;ŷ!$iNOSȰț)8: GTP*fcð˧;&cGMP8:6ÅÈȱ)
8-fc-cGMP ȠƋ<*8
( 8-fc-cGMP *Ɓȇ(İè69<
;&ʂ9<;2ǈȿɏɰǐ8: Cys195 PKG1α*ƘɲȱǵƂð)žʮ%
;&ƺ9&(!*&9ʤɝŞȄɚ) C195S Ĵȩ® PKG1α?Ȱț
;yEW+LPS Ƒń̩)	$Cys195 * S-OBfð? Ąˠȱ(
PKGǵƂð˒9GdcLUU_NȭƊ*ŮƋ)Ō$ƔƒƂ?Ɇ
&Ƈ<;ǈȿɏ%ȖÝ(Öȝ?$	(	yEWɮɻ) 8-fc-cGMP
ľĢ$	;&ʰ	<*&+ƄŜȱ(fcð¯Ȣȕˏ*ȠƋ
ȠȝȱǊ¦%6˒!$	;&?Ɇė$	;<+̚àȇ*ħ̨ɬʊ7
yEWɮɻ%6ƄŜȱ( 8-fc-cGMP *ȠƋ?Ǘ×˫ü*ĩĎ&ȼȸ(	
6*%; 14,15,17)ʚďǻ	&)ȠȝȱǊ¦%6 PKG * S-OBfð+ƺȻ)
ʴŋ<̰ğ 21 ̱*&9 PKG ÏĜƂ* S-OBfð)ƉĂƂ̫	Ǜȱ
\lNˏ%;&Ɇė<; 
 8-fc-cGMP *£ˊ+S-OBfð)³ľ ROS UOe?ˇɞ;%
˻ʮ(Ųå?Ɩ!$	;ǂ˜ɉ*ƍŖ;ȿɏOr+UWaD^I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Ĩ)˫ä)Ƀ̭ûļ¢èUWaDlWpCd̸Cys-S-(S)n-H̹ə*ǵƂ
DIEØļɍȠ®Ï)ˌŊ)ľĢ̰ğ 26 ̱8-fc-cGMP 9 8-SH-cGMP .
&Ĵơ;&?ƺ9)̰ğ 27̱46)ǵƂUWaDlWpCd*ȠƋ%
+œ(&6˵Øȱ)+DIE˗ɋɯ˕*˸ɪ%;UW\^If β-U\
Z8-UW\^If γ-BZUW^* C-S ɰĈ*ÙƳ?ʶĻ;
&)8:*ȠƋ)̇>!$	;̰ğ 26̱46)UWaDlWpCd+̫	ǩ
ǔƂ?ǃ;58-fc-cGMP&êȚ8ÿſŁŃ(UWaDlWp
Cd-cGMP¢è®?ŮƋŶŇƻ)˳Æ<$ 8-SH-cGMP?ȠƋ;ȠƋ
 8-SH-cGMP +Ƞ®Ï*˫˹ðǦɪ7lILUeDcDc(')8:˹ðȱ
)ʏDIEð<$ cGMP)£ˊ<ǂɭȱ)cGMP+ PDE)8:Øʵ<; 
 8-fc-cGMP&^IĨ&*ÿſ)8:Ƞ;\lNˏ S-OBfð+ȋ
ɪûļ&Ƀ̭ûļ̆*ÎǃɰĈ̰C-SɰĈ̱?ŮƋ;&9Ąˠȱ(¸̧&
ʂ9<;Ƶ%ǂ˜ɉ*ƍŖȿɏŅ%+ɬʊÏ*\lNˏUWaDǡ
Ĩ)6ǵƂUWaDlWpCd&ĉǚ*ðŀÿſƂ?ǃ;˫DIEð
UWaDǡĨˌŊ)ľĢ;̰\lNˏxTpAð̱&?ƺ9)
̰ğ 26̱46)9)Ū	ʳ̕ļƂȕˏ%; 8-fc-cGMP xTpAð\
lNˏ&ÿſ;&ʭư*Ƀ̭ûļ?  cGMP ¢è®̸R-S-(S)n-cGMP̹?
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ȠƋ;&?Áȱ(9ʰ	̰x-S-OBfð ̱*x-S-OBf
ð%Ƞ; S-S ɰĈ+˳Æãə%ÙƳ<cGMP Ǚˤ 8-SH-cGMP &$ʏ̓
$\lNˏUWaD^I̰-SH̱ĨÐȠ;(> ȠȝȱǊ¦
)	$Ƞ®Ï* 8-fc-cGMP )8;\lNˏ¸̧+xTpA? x
-S-OBfð%:Ąˠȱ(UOe¨ˬǜǙ&$ȠȝȱUOeßŹ)̇>
!$	;&Ɇė<;̰ğ 28 ̱ 
 Ƶ\lNˏ*xTpAð^IĨ+ˢŜ*^IĨ)Ǥ/$ǩǔƂ
̫˹ðWcWǊ¦%+Ňƻ)˹ðȱ¸̧?Ă$Ƀ̭ûļʏ̓; 46)
ŷ!$GdcLUU_N('* ROS & NO ˫ä)ȡȠ<;ȭƊ%+
\lNˏxTpA*Øʵ¶˧;5)Ąˠȱ(x-S-OBfð%+
(Ąˠȱ( S-OBfð*ƵÅ¬)˒;&Ɵŋ<;S-OBfð?
Ă\lNˏ+Ąˠȱ(ǜʌĴð?69Ƶ%IcpAV('*ǹ
ðǜǙ*\Q_c&(:Øʵ<;&ʂ9<; 39,47)*8
(&9Ƞȝ
ȱǊ¦%+8-fc-cGMP*ȠȝȱUOeǵƂDIE? Ąˠȱ(x-S-
OBfð)8!$ßŹ<;˫ä(˹ðWcW%+\lNˏxT
pA*Øʵ)8: S-OBfð¶˧<PKG *Ƙɲȱ(ǵƂð('*ȭƊŮ
Ƌ)̇;&Ɇė<;̰ğ 28 ̱ 
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 PKG*ǵƂˇɞ? GdcLUU_NȭƊ* ̉Ǯȯ&	!ʖšſ
Ȣ.*ŕ̅)Ċ$ɬʊÏ*ǵƂDIE?Ǜȱ&$8-fc-cGMP*ɬʊÏ
t7Ąˠȱ( S-OBfð¸̧*t?ßŹ;&ǃê(ƌȧ*»ʫ)
ƚ9<;%ƍŖ;ȿɏŅ%+Ƞ®Ï*ǵƂDIEØļɍ?ßŹ;&?
ȵƙ$ƒ˹ðʡ&$ʖšſȢ<$	; N-BY^UWaD
̰N-acetylcysteine, NAC̱?˫DIE NAClWpCd*ĈƋɤʬ)Ƌç
NAC lWpCd?ɬʊ)Öȝ;&DIE˗ɋÿſ)8:ɬʊÏ*UW
aDlWpCd8-O\^IlWpCd*ȠƋtƹ;
&9)*8
(ɬʊ%+LPS àȇ)8; IL-1β('*ȊȮƂTDcJD
*ȰțƐß<;&>!$˞*ˢ:UWaDlWpCd
8-O\^IlWpCd+ 8-fc-cGMP ?£ˊØʵ;ǵƂ?ǃ
;ŷ!$NAClWpCd*Ƒ+ɬʊÏ* 8-fc-cGMP*£ˊØʵ*
¶˧8- S-OBfð*Ɛß? $ PKG *ƘɲȱǵƂð?­ǿ;&Ǆŵ
<;2ǵƂDIEØļɍ*ɬʊÏt?ƹ;&DIE˗ɋÿſ?
 $PKG ?ĺ5&;\lNˏ Cys ǡĨ*xTpA*ɳƘ˧)Ã
&>!$	; 46)ŷ!$NAClWpCd*Ƒ)8: 8-fc-cGMP
*¸̧+ĄˠƂ*x-S-OBfðÅ¬&(:PKG ǵƂ*ĄˠȱßŹ·<
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;ĄʌƂ;*8
)ǵƂDIEØļɍ?Ǜȱ&̉Ǯȯʡ+ǚ(
˹ðWcẆ˥ȭƊ.*ʖšſȢǄŵ<9(;ȿɏ*˧ŕŵ<; 
 ǈȿɏ)8:ǵƂ˹ɪ& NO )³ľ$ȠƋ; 8-fc-cGMP \lNˏ
S-OBfð? $ PKG *ƘɲȱǵƂð?69˰ŦƂ*ʤġ­?ż&
;GdcLUU_NȭƊ)ǻ̇>;&ƺ9&(!̰ğ 29 ̱ě
*Ⱦʰ+PKG * S-OBfð?Ɛß;ʡã*Ɲɫ(')8:<2%Ǯȯ
ĝ̔%!GdcLUU_N*ƴʱǮȯǯ*̅Ȱ)"(;&Ǆŵ
<;Ąˠȱ( 8-fc-cGMP)8; PKG¸̧?Ǜȱ&Ǯȯƌȧ*"&
$Áȱ(9PKG *B\SfWc%; Rp-8-q}-cGMPS *fcð®
?Öȝ;&)8!$ PKG Ąˠȱ)ǵƂð;&ʴŋ<$:
*Öȝ?ƭʤȮ*ÛǄ)ɖĈ̊ņ;&)8!$S-OBfð)8; PKG *˫
ä(ǵƂð?Ɛß%;&Ǆŵ<;2Ƞ®Ï*ǵƂDIEØļɍ 8-
fc-cGMP*ȠȝȱȭƊȠȝȱǜʌ?ßŹ;˻ʮ(Ĝļ%;&Ɇė<
&9ŶǵƂDIEØļ& 8-fc-cGMP )8;˹ðWcWßŹ*Ø
ļǜǙ?9)ˀʵǏ;&)8:˹ ðWcW)̇˥ǚ(ȬƅȭƊ
*ʵƺ&̉Ǯȯǯ*̅Ȱķ˧ŕ;&Ǆŵ<; 
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ɘ 5ɔ  ɰˈ  
 ǵƂ˹ɪ& NO9ȠƋ;ʳ̕ļƂUOeØļ 8-fc-cGMP+PKG*˵
¬Ȗȩȱ S-OBfð? $ PKG*Ƙɲȱ(ǵƂð?69GdcLU
U_N*˰ŦƂʤġ­)̇;&Ɇ<2Ƞ®Ï%ȠƋ;ǵƂ
DIEØļɍ+ 8-fc-cGMP*ȠȝǵƂ?ßŹ*ȠȝȱȭƊȠȝȱǜʌ
Ȱț)ǻ̇>;&Ɇė<*8
( 8-fc-cGMP&ǵƂDIEØļ
ɍ)8;˹ðWcWßŹǜǙ?9)ˀɬ)ʵǏ;&)8:GdcLU
U_N?+5&˹ðWcẆ˥Ȭƅ*ȭƊʵƺ7ƴʱ̉Ǯȯǯ*̅
Ȱ)"(;&Ǆŵ<;   
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ğʩˆƺ  
ğ 1 ǵƂ˹ɪNO*ȡȠɦ&Ƞȝǜʌ  
Ʊș 188:ƪĴ 
ğ 2 8-fc-cGMP)8;\lNˏʀʽŶ¸̷̧\lNˏ S-OBfð  
Ʊș 98:ƪĴ 
ğ 3 8-fc-cGMP*ȠĈƋǜǙUOe¨ˬǜǙ£ˊǜǙ  
Ʊș 188:ƪĴ 
ğ 4 cGMP³ľƂraDLeZ̰PKG̱*Ƞȝǜʌ  
ğ 5 mc PKG1α*d|DǙˤ̰A̱&ǵƂðǜṴ̈̌Ḇ  
̰A̱mc PKG1α*ǞǙˤ&ćd|DȽù+ CysǡĨ?ɆDimer]Dy
ŮƋd|DAIʗř̊ņd|DcGMP highcGMP̫ʳĒƂɰĈd|D 
cGMP lowcGMP­ʳĒƂɰĈd|DATP-bindingATPɰĈd|D
Substrate-bindingĨˏɰĈd|D ̰ ḆBxȗƊ* PKG1α+ĨˏɰĈd|D
ʗř̊ņd|D&ɰĈ$	;̫ ʳĒƂ cGMPɰĈd|D.* cGMP*ɰĈ)
ŷ	PKG1α)RpH|UĴðȠĨˏɰĈd|Dʗř̊ņd|D
9ʵ̓;&%ǵƂðȗƊ&(:Ĩˏ?˹ð; 
ğ 6 ɮơmc PKG1α* 8-fc-cGMP)8; S-OBfð̰ ƒ S-OBf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ðƒ®)8;EGW\q_cʵǏ̱  
̰A̱ÿſƼ̆³ľƂɮơmc PKG1α? 200 µM 8-fc-cGMP& 37C%ğ)
ɆƼ̆%ÿſ̰ Ḇ8-fc-cGMP Ȉţ³ľƂPKG1α&ćɍȈţ* 8-f
c-cGMP? 37C180Ø̆ÿſ̰ A̱&̰Ḇ&6) 1: 100 
ng* PKG1α?ǲëƒ S-OBfðƒ®)8;EGW\q_c%ʵǏ 
ğ 7 8-fc-cGMP)8;ɮơmc PKG1α* S-OBfð);˳Æĥ
^I8- cGMP˃ő®*ű̞  
̰A̱˱Ɠȱ( PKG1α S-OBfð.*˳Æĥ^IðĈȕ DTT*ű̞10 mM 
DTTľĢ%PKG1α&ćɍȈţ* 8-fc-cGMP? 37˚C180Ø̆ÿſ
̰ ḆcGMP ˃ő®ɰĈ* S-OBfð.*ű̞ćɍȈţ*vWvVGW
aZʄƂ cGMP˃ő® Rp-8-q}-cGMPSľĢ%PKG1α? 200 µM  8-
fc-cGMP& 180Ø̆ÿſ̰ A̱&̰Ḇ&6)1: 100 
ng* PKG1α?ǲëƒ S-OBfðƒ®?Ȣ	EGW\q_c)8:
S-OBfð?ʵǏlh B*Ǣ+ƒ PKGƒ®?Ȣ	EGW\q
_c)8;ɶ PKG˽?Ɇ$	; 
ğ 8 PKG1β* 8-fc-cGMP)8; S-OBfð  
ɮơmc PKG1β? 200 µM 8-fc-cGMP& 37˚C%ğ)ɆƼ̆%ÿſ 
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1: 100 ng* PKG1β?ǲëƒ S-OBfðƒ®?Ȣ	EGW\
q_c)8: S-OBfð?ʵǏ 
ğ 9 LC-Q-TOF-MS/MS )8; PKG1α* 8-fc-cGMP )8; S-OBfð
CysǡĨ*ĉŃ  
mc PKG1α? 8-fc-cGMP̰ 200 µM &̱ 37˚C% 3Ƽ̆ÿſŶ)crU
ǹðLC-Q-TOF-MS/MS)8:ur^d?ʵǏcGMP¢è¸̧)8;ˏ˽*
İè?ƙǛ&$ S-OBfður^d?Ǘɫ<< Cys42̰ŗlh̱8
- Cys195̰ąlh̱?ċ4̴"*ur^d* S-OBfðɆ<*C+ S-O
Bfð< CysǡĨ?Ɇğ*Ǣ)ć S-OBfður^d*MS/MSʵǏ
*yWWuNc?ɆǢ)+ć S-OBfður^d8-MS/MSʵǏ%
Ǘ×<ʧɑʵ̓Ŷ*ćoN*ˏ˽̰m/ẕ&ȷŭ;ur^d˶Ú?Ɇ 
ğ 10 ćɍ CysĴȩ® PKG1α);  8-fc-cGMP)8; S-OBfð̰ A̱
&mc PKG1α*d|DǙˤ  
̰A̱EGW\q_c)8; PKG1α* S-OBfð*ʵǏ˼Ƞĥ8-ćɍ
CysĴȩ® PKG1α? 200 µM 8-fc-cGMP% 3Ƽ̆Öȝƒ S-OBfðƒ®)
8;EGW\q_c% S-OBfð?ʵǏ̰ Ǣ ̱ĉTr?ƒ PKGƒ
®?Ȣ	EGW\q_c)8:ɶ PKG ˽?ʵǏǢ)Ɇ̰ Ḇmc
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PKG1α*d|DǙˤȽù%Ɇ CysǡĨ*ÏS-OBfð*Ǜȱ˵¬?ˑ%Ɇ
Cys42+]DyŮƋd|D̰Dimeṟ*˜ÀCys195+ cGMP̫ʳĒƂɰĈ
d|D̰cGMP higẖÏ)<<¬ɽ; 
ğ 11 in vitro); cGMP2+ 8-fc-cGMP*Ȉţ³ľȱ( PKG1α*
ǵƂð  
ɮơmc PKG1α?ćɍȈţ* cGMP̰ A̱2+ 8-fc-cGMP̰ Ḇ& 30Ø̆ÿ
ſ˸ɪǵƂ+PKG*Ĩˏ%;OW\Dd& 32PǛˋ ATP?Ȣ	 in 
vitroLeZB_YD)8:ȁŃb\+ŞĤ¼±ǛȂ½Ř%Ɇ̰n = 3 ̱ 
ğ 12 cGMP̰ A̱8- 8-fc-cGMP̰ Ḇ)8; PKG1αǵƂð*˸ɪÿſ
ˣţˈȱʵǏ& Hillr_c  
lh̚ɷŮěśr_c)8;˸ɪÿſˣţˈȱʵǏlhHillr_
c 
ğ 13 in vitro); PKG1α*ĄˠȱǵƂð  
cGMP 2+ 8-fc-cGMP )8;mc PKG1α*ǵƂð);ʏĭÖȝ*ű̞
PKG1α? cGMP6+ 8-fc-cGMP̰&6) 200 µM̱& 5, 10, 30Ø̆ÿſ
ŶÿſǺ?")ØƵ+*22̰AʏĭÖȝ( ̱6
Ƶ+̌ĵȉ
˫ cGMP˃ő®?̎ü̰BʏĭÖȝ: ̱ćÖȝɾ*˸ɪǵƂ? in vitro L
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eZB_YD)8:ȁŃb\+ŞĤ¼±ǛȂ½Ř%Ɇ̰n = 3 ̱**p < 
0.01 vs cGMPEGW\q_c%ʏĭÖȝŶ* PKG1α*ěĀ˽?Ʉ˂̰ D
Y_c ̱ 
ğ 14 ˼Ƞĥ8- Cys Ĵȩ® PKG1α* 8-c-cGMP )8;ǵƂð)Ō
;ʏĭÖȝ*¯Ȣ  
˼Ƞĥ8- CysĴȩ® PKG1α? 200 µM 8-fc-cGMP& 37˚C% 3Ƽ̆ÿſ
ŶÿſǺ*˵+*22̰ʏĭÖȝ( ̱ǡ:+̌ĵȉ˫ cGMP ˃ő®?
̎ü̰ʏĭÖȝ: ̱ʏĭÖȝ(8-Öȝ: PKG ȃǺ*˸ɪǵƂ? in 
vitro LeZB_YD)8:ȁŃb\+ŞĤ¼±ǛȂ½Ř%Ɇ̰ n = 3 ̱
**p < 0.01 vs ʏĭÖȝ(WT˼Ƞĥ 
ğ 15 LC-MS/MS)8; 8-fc-cGMP*ʵǏ  
̰A̱O\^IľĢ%* 8-fc-cGMP*ŁŃƂ100 mM ˹ecE{
̰pH7.4̱%8-fc-cGMP̰1 µM̱& 1 mMO\^I? 37˚C% 2Ƽ̆ÿſ
̰ Ḇ200 µM 8-fc-cGMP% 37˚C2Ƽ̆Öȝ?yEWķëʎO
* 8-fc-cGMP *Ǘ×8-fc-cGMP +Ƶǯ*̟)ʺ˙Ƶǯ%ƕ×
LC-MS/MSʵǏ?ʥ! 
ğ 16 yEWķëʎO);\lNˏ S-OBfð*ʵǏ  
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8-fc-cGMPÖȝ̰200 µM37˚C2Ƽ̱̆2+̚ÖȝyEWķëʎO*\
lNˏ S-OBfð*EGW\q_cʵḬ̌ŗlh ̱ʵǏ\lNˏ˽*
Rc&$GAPDH*EGW\q_c?Ɇ̰ąlhȽù ̱ 
ğ 17 yEWķëʎ); 8-fc-cGMP )8;Ƙɲȱ(pFfp
)Ō;ÿſƂ­*˃ő  
Ïȳ?ǃyEWķëʎO? Krebs-Henseleitk_pA37˚C% 2Ƽ̆200 
µM* 8-fc-cGMP̰ A 2̱+ 8-q}-cGMP̰ B ̱6+ PBS%Öȝ?
*ŶćɍȈţ*pFfp)8;ʤɝĀɹ?ȁŃ̰ǳǷ( ̱2ʤ
ɝĀɹȁŃ*â)ʤɝO?Krebs-Henseleitk_pA%ǳǷ6*)"	$ĉ
ǚ)ʵǏ̰ǳǷ: ̱PBS̰ n = 2 ̱8-fc-cGMP̰ n = 3 ̱8-q}-cGMP̰ n 
= 3 ̱  
ğ 18 yEWŽʕɮɻ); LPSƑŶ* iNOSȰț*Ƽ̆ȱĴð  
C57BL/6yEW) LPS̰32 mg/kg̱?ʓʑÏƑğ)Ɇɯ˫Ƽ̆&*Žʕv
}Vhc?Ÿćv}Vhc*\lNˏ˽?Ơ$ǲëƒ iNOSƒ®?
Ȣ	EGW\q_c)8: iNOS ?Ǘ×Ƚù+<< iNOS 8-
β-actin&ĉØļTDX?Ɇ 
ğ 19 LPSƑyEWŽʕɮɻ); 8-fc-cGMP*İè  
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LPSƑ 12Ƽ̆Ŷ*yEW̰LPS̱8-RcyEW̰PBS̱*ćŽʕɮɻ
9Ƶǯ*̟)ŷ!$ 8-fc-cGMP 8- cGMP ?ƕ×ŁŃĉ¬®ǛˋǛē
?Ȣ	 LC-MS/MSʵǏ)8!$ȁŃ̰ A̱8-fc-cGMP8- cGMP&ć
ŁŃĉ¬®ǛˋǛē*NycO{̰ ḆÏĜƂ* 8-fc-cGMP 8- cGMP
*Ń˽ȱʵǏb\+ŞĤ¼±ǛȂ½Ř%Ɇ̰n = 3 ̱*p < 0.05 vs PBS 
ğ 20 LPSƑyEWŽʕɮɻ);\lNˏ S-OBfð*İè  
LPSƑ 12Ƽ̆Ŷ*yEW̰LPS̱8-RcyEW̰PBS̱*ćŽʕɮɻ
)"	$ÏĜƂ\lNˏ S-OBfð?EGW\q_c)8:ʵǏąO
p)Ƚù%Ɇ 3"*\lNˏkd* GAPDHkd)Ō;ŬţǤ)"
	$bUc|cʵǏɰǐ?Ɇ 
ğ 21 yEWŽʕ); PKG1α*ÏĜƂ S-OBfð*ĉŃ  
C57BL/6yEW) LPS̰ 32 mg/kg ?̱ʓʑÏƑLPSƑ 12Ƽ̆Ŷ*yEW̰ LPS̱
8-RcyEW̰PBS̱*Žʕɮɻv}Vhc?<< cGMPĠȷð
BKW)8:ɤʬ̰ A c̱GMPĠȷðBKW9ȃ×<yEWŽʕ
\lNˏ*̀ǑʝQ*ʮ( 3"*kd+QǹðŶLC-MS/MS?r
aIzNWʵǏ)8:\lNˏ?ĉŃ̰ B c̱GMPĠȷðBKW)8:
ɤʬ<\lNˏʿƲ*ƒ PKG ƒ®?Ȣ	EGW\q_c̰ C̱cGMP
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ĠȷðBKW)8:ɤʬ<\lNˏʿƲ*ƒ S-OBfðƒ®?Ȣ	
EGW\q_cȽù+PKG1α&ĉØļTDX?Ɇ 
ğ 22 LPSƑyEWŽʕɮɻ); VASP˹ð  
LPS Ƒ 12 Ƽ̆Ŷ*yEWŽʕɮɻ)"	$ƒ˹ð VASP ƒ®8-ƒ VASP
ƒ®)8;EGW\q_c?ʥ!ąOp)˹ð VASP*ɶ VASP)
Ō;kdŬţǤ)"	$bUc|cʵǏɰǐ?Ɇb\+ŞĤ¼
±ǛȂ½Ř%Ɇ̰n = 3 ̱**p < 0.01 vs PBS 
ğ 23 8-fc-cGMP)8; PKG*ƘɲȱǵƂð*Øļ|JfX{  
ğ 24 cGMP8- 8-fc-cGMP& PKG1α&*ɰĈ*d_LO}b  
̰A̱Ro\UzU)8:ȁ 8-fc-cGMP & PKG *ȷ
¯Ȣ}b̰ ḆCys195 *DIEûļ& cGMP̰ŗlh̱2+ 8-fc-cGMP
̰ąlh *̱OBf* C-8&*̆*˔̓PKG1α&gNI^d&*ɰĈ*Øļ
d_LO}b+ CLC drug discover Workbench 2.4.1 (Qiageṉ?Ȣ	$PKG1α*
Ƶ* cGMPɰĈ˵¬?ċ4 299Bzi˹* XɷɰƾǙˤ ̰PDB ID: 3SHṞ?6
&)ʵǏ 24)ȞȗgNI^d+2ǞÆǙˤ? Pubchem̰ SID: 2663837̰ cGMP ̱
SID: 2663838̰8-fc-cGMP̱̱ 9ËƎʺ[pcEFB% 3ǞÆǙˤ.Ĵơ
Ŷ PKG1α.*ɰĈ?ʵǏ 
 62 
ğ 25 mc PKG1α̰Ǣ̱8- PKG1β̰Ǣ̱*Bzi˹˶Ú  
ˑʝ*Ğ3+ CysǡĨ?Ɇ 
ğ 26 UWaDlWpCd*Ƞ®ÏȠƋ&ǵƂDIEØļɍ*Ƞȝǜ
ʌ  
CBSUW\^If β-U\ZCSEUW\^If γ-BZƱș 458
:ƪĴ 
ğ 27 ǵƂDIEØļɍ)8; 8-fc-cGMP*£ˊ  
ǵƂDIEØļɍ+ 8-fc-cGMP &ǩǔɽơÿſ˥ɲDIE? 
cGMPB]Nc*ŮƋ?ɯ$8-SH-cGMP.&£ˊ;Ʊș 468:ƪĴ 
ğ 28 \lNˏxTpAð)8; 8-fc-cGMPȠȝǵƂ*ßŹ  
ğ 29 \lNˏ S-OBfð)8; PKG *ƘɲȱǵƂð&GdcLU
U_NȭƊ  
ʩ 1 ? cGMP˃ő®&ʳǦƂȠ®Øļ*IN\i̲ǦØ˶µư  
IN\i̲ǦØ˶µư̰logPo/w̱+ćðĈȕ*Ǧȷ9IN\iȷ.*ɋ
ʥ*åĈ?Ɇ¼ķ	0'ȪǦȱƂˏ̫	&?Ɇć cGMP˃ő®)"
	$pH7.4*ƂǊ¦;	+˹ƂǊ¦);IN\iȷ.*ɋʥţ?
ʵǏ*25C%*ȁŃ¼** International Chemical Safety Cards9ŨȢ 
 63 
ʩ 2 raIzNW)8; cGMP BKW)8;D{iBpCfaCɤ
ʬŶ*yEWŽʕv}Vhc\lNˏ*ĉŃ   
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ğ 1 ǵƂ˹ɪNO *ȡȠɦ&Ƞȝǜʌ 
Ʊș 188:ƪĴ 
  
O2¯ !
NADPH oxidase (Nox)!
!
Mitochondria!
!
etc.!
	+
&!
8$'316'3160*)9!
$#!
".-24!
RNOS!
(reactive nitrogen oxide 
species: e.g., NO2, ONOO- )!
ROS!
(reactive oxygen species)!
NO (nitric oxide)!
+!
NO!
NO synthase (NOS) isoforms!
$/15/ .-24
7
(,
 7!
!%

Neuronal NOS (nNOS)!
Inducible NOS (iNOS)!
Endothelial NOS (eNOS) !
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ğ 2 8-fc-cGMP )8;\lNˏʀʽŶ¸̷̧\lNˏ S-OB
fð 
Ʊș 98:ƪĴ 
 
  
8--cGMP S-	

NO2
NO

S-	!
NO2−

!

!
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ğ 3 8-fc-cGMP *ȠĈƋǜǙUOe¨ˬǜǙ£ˊǜǙ 
ACBbf˹UNZCBSUW\^If β-U\ZCSEUW\^
If γ-BZGCOBf˹UNZNOSNOĈƋ˸ɪNOXNADPH
ILU]ZPDEvWvVGWaZƱș 188:ƪĴ 
 
  
SNAREs:!
'$!
Keap1-Nrf2: !
*(
H-Ras: !
 !
PKG: !
)"!
F?6K@G/!%&-

Plant: 
,+
8-B?J-cGMP8-B?J-GTPGTP
NO
ROS
NOS
MitochondriaNOX
I@=4:;K7L
<KC4$
NO2–
Protein S-guanylation
GC & AC
8-SH-cGMP cGMP GMPCBS

CSE
ROS PDE
Electrophile thiolation
8:>1KCL:HD0@!
(CysSSH)!
Reactive sulfur species
Protein S-cGMP

<KC4$ S-5/BH
85AH'
#
132	!
MEG7HD.O&132N
3L?D.9L
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ğ 4 cGMP ³ľƂraDLeZ̰PKG̱*Ƞȝǜʌ 
 
  
GMP!
Phosphodiesterase!
(PDE)!
PDE!
!
NO!
*%37"+)5;.!
cGMP!
-6:>,8'3:(2;.!
 !
!
 
#! !
!
PKG!
8-309-cGMP!
S-*%37!
"!
&:10(+:+4/)!
<!$ 	=!
?
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ğ 5 mc PKG1α*d|DǙˤ̰A̱&ǵƂðǜṴ̈̌Ḇ 
̰A̱mc PKG1α*ǞǙˤ&ćd|DȽù+ Cys ǡĨ?ɆDimer]D
yŮƋd|DAIʗř̊ņd|DcGMP highcGMP ̫ʳĒƂɰĈd|
D cGMP lowcGMP­ʳĒƂɰĈd|DATP-bindingATPɰĈd|D
Substrate-bindingĨˏɰĈd|D ̰ ḆBxȗƊ* PKG1α+ĨˏɰĈd
|Dʗř̊ņd|D&ɰĈ$	;̫ ʳĒƂ cGMPɰĈd|D.* cGMP
*ɰĈ)ŷ	PKG1α)RpH|UĴðȠĨˏɰĈd|Dʗř
̊ņd|D9ʵ̓;&%ǵƂðȗƊ&(:Ĩˏ?˹ð; 
 
  
A
B
AI! cGMP!high!
cGMP!
low!
ATP-!
binding! Substrate-binding!Di
m
er
!1! 40!
58-72!
111! 228! 344! 474! 670!
C!N!
REGULATORY DOMAIN! CATALYTIC DOMAIN!
42! 117!128!157!174! 195! 312! 440!466! 518! 594!Cys
COO
H
NH2AI
	
COOH
NH2
CO
OH

NH2
cGMP
COOH
NH2
cGMP

PKG1α

cGMP
!
cGMP
	

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ğ 6 ɮơmc PKG1α* 8-fc-cGMP )8; S-OBfð̰ƒ S-OB
fðƒ®)8;EGW\q_cʵǏ̱ 
̰A̱ÿſƼ̆³ľƂɮơmc PKG1α? 200 µM 8-fc-cGMP& 37˚C%ğ
)ɆƼ̆%ÿſ̰ B 8̱-fc-cGMPȈţ³ľƂPKG1α&ćɍȈţ* 8-
fc-cGMP? 37˚C% 180Ø̆ÿſ̰ A̱&̰Ḇ&6)1:
100 ng* PKG1α?ǲëƒ S-OBfðƒ®)8;EGW\q_c%ʵǏ
 
 
  
A
B
8--cGMP (µM)     10        50       100        200   
S-
8--cGMP

     0        15         60        180	 (min)
S-
	
PKG1α
PKG1α
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ğ 7 8-fc-cGMP )8;ɮơmc PKG1α* S-OBfð);˳
Æĥ^I8- cGMP ˃ő®*ű̞ 
̰A̱˱ Ɠȱ( PKG1α S-OBfð.*˳Æĥ^IðĈȕ DTT*ű̞10 mM 
DTTľĢ%PKG1α&ćɍȈţ* 8-fc-cGMP? 37˚C180Ø̆ÿſ
̰B c̱GMP˃ő®ɰĈ* S-OBfð.*ű̞ćɍȈţ*vWvVGWaZ
ʄƂ cGMP ˃ő® Rp-8-q}-cGMPS ľĢ%PKG1α? 200 µM  8-fc
-cGMP& 180Ø̆ÿſ̰A &̱̰ B &̱6)1: 100 ng* PKG1α
?ǲëƒ S-OBfðƒ®?Ȣ	EGW\q_c)8: S-OBfð?
ʵǏlh B*Ǣ+ƒ PKGƒ®?Ȣ	EGW\q_c)8;ɶ PKG
˽?Ɇ$	; 
 
  
B
A
8--cGMP (µM)         0        0.1        1         10        100 !
S-
10 mM DTT
S-	
  +           +        +           +           
            −           1          10        100Rp-8--cGMPS (µM) 
 8--cGMP (200 µM) 
PKG
S-
PKGcGMP

PKG1α
PKG1α
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ğ 8 PKG1β* 8-fc-cGMP )8; S-OBfð 
ɮơmc PKG1β? 200 µM 8-fc-cGMP& 37˚C%ğ)ɆƼ̆%ÿſ 
1: 100 ng* PKG1β?ǲëƒ S-OBfðƒ®?Ȣ	EGW\
q_c)8: S-OBfð?ʵǏ 
 
  
      0         15         60 ?     180!(min)!
S-	

PKG1β!
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ğ 9 LC-Q-TOF-MS/MS )8; PKG1α* 8-fc-cGMP )8; S-OBf
ð Cys ǡĨ*ĉŃ 
mc PKG1α? 8-fc-cGMP̰ 200 µM &̱ 37˚C% 3Ƽ̆ÿſŶ)crU
ǹðLC-Q-TOF-MS/MS)8:ur^d?ʵǏcGMP¢è¸̧)8;ˏ
˽*İè?ƙǛ&$ S-OBfður^d?Ǘɫ<< Cys42̰ ŗlh̱
8- Cys195̰ąlh̱?ċ4̴"*ur^d* S-OBfðɆ<*C
+ S-OBfð< CysǡĨ?Ɇğ*Ǣ)ć S-OBfður^d*
MS/MSʵǏ*yWWuNc?ɆǢ)+ć S-OBfður^d8-
MS/MSʵǏ%Ǘ×<ʧɑʵ̓Ŷ*ćoN*ˏ˽̰m/ẕ&ȷŭ;ur^d
˶Ú?Ɇ 
 
  
Peptide*! Amino acid sequence! m/z!
Precursor! QCFQTIMMR! 1499.4002 (750.7073,2+)!
y2! MR! 306.1594!
y3! MMR! 437.1999!
y4! IMMR! 550.284!
y5! TIMMR! 651.3317!
y7! FQTIMMR! 926.4587!
Peptide*! Amino acid sequence! m/z!
Precursor! C*QSVLPVPSTHIGPR! 1932.6870 (645.2362, 3+)!
b2! CQ! 576.1147!
y1! R! 175.119!
y3! GRP! 329.1932!
y6! THIGPR! 680.3838!
y7! STHIGPR! 767.4159!
y8! PSTHIGPR! 864.4686!
y9! VPSTHIGPR! 963.537!
y10! PVPSTHIGPR! 1060.5898!
200! 600! 1000! (m/z)!
y1!
y3! y10!y9!
y8!
y7!
y6!
b2!
*C  Q  S  V  L  P  V  P  S  T  H  I  G  P  R!
y1!y3!y6!y7!y8!y9!y10!
b2!
y7!y5!
y4!
y3!
y2!
200! 600! 1000! (m/z)!
Q  *C  F  Q  T   I   M  M  R!
y2!y3!y4!y5!y7!
S-	Cys42
 S-	Cys195

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ğ 10 ćɍ Cys Ĵȩ® PKG1α); 8-fc-cGMP )8; S-OBf
ð̰A̱&mc PKG1α*d|DǙˤ 
̰A̱EGW\q_c)8; PKG1α* S-OBfð*ʵǏ˼Ƞĥ8-ćɍ
CysĴȩ® PKG1α? 200 µM 8-fc-cGMP% 3Ƽ̆Öȝƒ S-OBfðƒ®
)8;EGW\q_c% S-OBfð?ʵǏ̰ Ǣ ̱ĉTr?ƒ PKG
ƒ®?Ȣ	EGW\q_c)8:ɶ PKG˽?ʵǏǢ)Ɇ̰ Ḇmc
PKG1α*d|DǙˤȽù%Ɇ Cys ǡĨ*ÏS-OBfð*Ǜȱ˵¬?ˑ%
ɆCys42+]DyŮƋd|D̰Dimeṟ*˜ÀCys195+ cGMP̫ʳĒƂ
ɰĈd|D̰cGMP higẖÏ)<<¬ɽ; 
  
S-
PKG!




C4
2S
!
C1
95
S!
C4
2S
/1
95
S!
B!
A! 

	
42! 117! 128!157!174! 195! 312! 440!466! 518! 594!
AI! cGMP!high!
cGMP!
low!
ATP-!
binding! Substrate-binding!Di
m
er
!1! 40!
58-72!
111! 228! 344! 474! 670!
C!N!
REGULATORY DOMAIN! CATALYTIC DOMAIN!
Cys??!
PKG1α
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ğ 11 in vitro ); cGMP 2+ 8-fc-cGMP *Ȉţ³ľȱ(
PKG1α*ǵƂð 
ɮơmc PKG1α?ćɍȈţ* cGMP̰A̱2+ 8-fc-cGMP̰Ḇ& 30Ø̆
ÿſ˸ɪǵƂ+PKG*Ĩˏ%;OW\Dd& 32PǛˋ ATP?Ȣ	 
in vitroLeZB_YD)8:ȁŃb\+ŞĤ¼±ǛȂ½Ř%Ɇ̰n = 
3 ̱ 
 
  
0!
2000!
4000!
6000!
8000!
10000!
12000!
14000!
0.0001!0.001! 0.01! 0.1! 1! 10! 100!
PK
G 
ac
tiv
ity
!
(c
ou
nt
s p
er
 m
inu
te
)!
Log[8--cGMP] (M)!
-4!-5!-6!-7!-8!-9!Control!
B!A!
0!
2000!
4000!
6000!
8000!
10000!
12000!
14000!
0.0001!0.001! 0.01! 0.1! 1! 10! 100!
PK
G 
ac
tiv
ity
!
(c
ou
nt
s p
er
 m
inu
te
)!
Log[cGMP] (M)!
-4!-5!-6!-7!-8!-9!Control!
PKG1α PKG1α
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ğ 12 cGMP̰A̱8- 8-fc-cGMP̰Ḇ)8; PKG1αǵƂð*˸ɪ
ÿſˣţˈȱʵǏ& Hill r_c 
lh̚ɷŮěśr_c)8;˸ɪÿſˣţˈȱʵǏlhHillr_
c 
 
  
c G M P  (mM )
T
o
ta
l 
c
o
u
n
t 
(A
.U
)
0 .5 1 .0
-5 0 0 0
0
5 0 0 0
1 0 0 0 0
1 5 0 0 0
5 0 1 0 0 1 5 0
Vmax = 11167 ± 251.5!
Ka = 0.1569 ± 0.019 µM!
cGMP (µM)!
0. ! . ! 5 ! ! 1 !
PK
G 
ac
tiv
ity
 !
(c
ou
nt
s p
er
 m
inu
te
)!
0!
50 !
10 !
150 0!
8 -N itro -c G M P  (mM )
T
o
ta
l 
c
o
u
n
t 
(A
.U
)
0 .5 1 .0
-5 0 0 0
0
5 0 0 0
1 0 0 0 0
1 5 0 0 0
5 0 1 0 0 1 5 0
Vmax = 10532 ± 191.4!
Ka = 0.1238 ± 0.012 µM!
8--cGMP (µM)!
! ! 5 ! ! !
PK
G 
ac
tiv
ity
 !
(c
ou
nt
s p
er
 m
inu
te
)!
0!
50 !
10 !
150 !
B!A!
2!0!-2!-4!
2!
1!
0!
-1!
-2!
-3!
Log [cGMP] (µM)!
Lo
g 
(v
/(V
m
ax
?
v)
)! Hill?? = 1.217!
2!0!-2!-4!
2!
1!
0!
-1!
-2!
-3!
Log [8--cGMP] (µM)!
Lo
g 
(v
/(V
m
ax
?
v)
)! Hill?? = 1.18!
PKG1α PKG1α
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ğ 13 in vitro ); PKG1α*ĄˠȱǵƂð 
cGMP2+ 8-fc-cGMP)8;mc PKG1α*ǵƂð);ʏĭÖȝ*ű̞
PKG1α? cGMP6+ 8-fc-cGMP̰ &6) 200 µM &̱ 5, 10, 30Ø̆ÿſ
ŶÿſǺ?")ØƵ+*22̰AʏĭÖȝ( ̱6
Ƶ+̌ĵ
ȉ˫ cGMP˃ő®?̎ü̰ BʏĭÖȝ: ̱ćÖȝɾ*˸ɪǵƂ? in vitro 
LeZB_YD)8:ȁŃb\+ŞĤ¼±ǛȂ½Ř%Ɇ̰n = 3 ̱**p 
< 0.01 vs cGMPEGW\q_c%ʏĭÖȝŶ* PKG1α*ěĀ˽?Ʉ˂̰ D
Y_c ̱ 
 
 
  
A!
PKG!
cGMP! 8--cGMP!
0!
10000!
20000!
30000!
40000!
50000!
60000!
70000!
5! 10! 30!
cGMP!
8--cGMP!
PK
G 
ac
tiv
ity
!
(c
ou
nt
s p
er
 m
inu
te
)!
Time (min)!
??????!
cGMP! 8--cGMP!
PKG!
0!
10000!
20000!
30000!
40000!
50000!
60000!
70000!
5! 10! 30!
PK
G 
ac
tiv
ity
!
(c
ou
nt
s p
er
 m
inu
te
)!
Time (min)!
cGMP!
8--cGMP! ** 	
** 	
** 	
??????!B!
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ğ 14 ˼Ƞĥ8- CysĴȩ® PKG1α* 8-c-cGMP)8;ǵƂð)Ō
;ʏĭÖȝ*¯Ȣ 
˼Ƞĥ8- CysĴȩ® PKG1α? 200 µM 8-fc-cGMP& 37˚C% 3Ƽ̆ÿſ
ŶÿſǺ*˵+*22̰ʏĭÖȝ( ̱ǡ:+̌ĵȉ˫ cGMP˃ő®
?̎ü̰ ʏĭÖȝ: ̱ʏĭÖȝ(8-Öȝ: PKGȃǺ*˸ɪǵƂ? in 
vitro LeZB_YD)8:ȁŃb\+ŞĤ¼±ǛȂ½Ř%Ɇ̰ n = 3 ̱
**p < 0.01 vs ʏĭÖȝ( 
 
  
0!
5000!
10000!
15000!
20000!
25000!
wt	 42	 195	 195/42	
PK
G 
ac
tiv
ity
!
(c
ou
nt
s p
er
 m
inu
te
)

!
	!
PKG1α
 C 2S C19 S C42S/!
C195S
** !
** !
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ğ 15 LC-MS/MS )8; 8-fc-cGMP *ʵǏ 
̰A̱O\^IľĢ%* 8-fc-cGMP*ŁŃƂ100 mM ˹ecE
{̰pH7.4̱%8-fc-cGMP̰1 µM̱& 1 mMO\^I? 37˚C% 2Ƽ̆
ÿſ̰ Ḇ200 µM 8-fc-cGMP% 37˚C2Ƽ̆Öȝ?yEWķëʎ
O* 8-fc-cGMP*Ǘ×8-fc-cGMP+Ƶǯ*̟)ʺ˙Ƶǯ%ƕ
×LC-MS/MSʵǏ?ʥ! 
  
1 mM GSH
!
8--cGMP!
1 µM  8--cGMP!
control!
A! B!
	 8--cGMP100 nM !
!
8--cGMP!
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ğ 16 yEWķëʎO);\lNˏ S-OBfð*ʵǏ 
8-fc-cGMPÖȝ̰200 µM37˚C2Ƽ̱̆2+̚ÖȝyEWķëʎO*
\lNˏ S-OBfð*EGW\q_cʵḬ̌ŗlh ̱ʵǏ\lNˏ˽
*Rc&$GAPDH*EGW\q_c?Ɇ̰ąlhȽù ̱ 
 
  
8--cGMP! 8--cGMP!
S-! GAPDH!
75
25
50
37
kDa
75
25
50
37
kDa
+− +−
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ğ 17 yEWķëʎ); 8-fc-cGMP)8;Ƙɲȱ(pFfp
)Ō;ÿſƂ­*˃ő 
Ïȳ?ǃyEWķëʎO?Krebs-Henseleitk_pA37˚C% 2Ƽ̆
200 µM* 8-fc-cGMP̰A̱2+ 8-q}-cGMP̰B ̱6+ PBS%Öȝ
?*ŶćɍȈţ*pFfp)8;ʤɝĀɹ?ȁŃ̰ǳǷ( ̱
2ʤɝĀɹȁŃ*â)ʤɝO? Krebs-Henseleitk_pA%ǳǷ6*
)"	$ĉǚ)ʵǏ̰ǳǷ: ̱PBS̰n = 2-3 ̱8-fc-cGMP̰n = 3 ̱8-
q}-cGMP̰n = 3 ̱  
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ğ 18 yEWŽʕɮɻ); LPS ƑŶ* iNOS Ȱț*Ƽ̆ȱĴð 
C57BL/6yEW) LPS̰32 mg/kg̱?ʓʑÏƑğ)Ɇɯ˫Ƽ̆&*Žʕ
v}Vhc?Ÿćv}Vhc*\lNˏ˽?Ơ$ǲëƒ iNOSƒ®
?Ȣ	EGW\q_c)8: iNOS?Ǘ×Ƚù+<< iNOS8-
β-actin&ĉØļTDX?Ɇ 
 
  
LPS???????? (h) ?
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0? 6? 12?
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ğ 19 LPS ƑyEWŽʕɮɻ); 8-fc-cGMP *İè 
LPSƑ 12Ƽ̆Ŷ*yEW̰LPS̱8-RcyEW̰PBS̱*ćŽʕɮ
ɻ9Ƶǯ*̟)ŷ!$ 8-fc-cGMP8- cGMP?ƕ×ŁŃĉ¬®ǛˋǛ
ē?Ȣ	 LC-MS/MSʵǏ)8!$ȁŃ̰ A̱8-fc-cGMP8- cGMP
&ćŁŃĉ¬®ǛˋǛē*NycO{̰ ḆÏĜƂ* 8-fc-cGMP8-
cGMP*Ń˽ȱʵǏb\+ŞĤ¼±ǛȂ½Ř%Ɇ̰ n = 3 ̱*p < 0.05 vs PBS 
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ğ 20 LPS ƑyEWŽʕɮɻ);\lNˏ S-OBfð*İè 
LPSƑ 12Ƽ̆Ŷ*yEW̰LPS̱8-RcyEW̰PBS̱*ćŽʕɮ
ɻ)"	$ÏĜƂ\lNˏ S-OBfð?EGW\q_c)8:ʵǏą
Op)Ƚù%Ɇ 3"*\lNˏkd* GAPDHkd)Ō;ŬţǤ)
"	$bUc|cʵǏɰǐ?Ɇ 
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ğ 21 yEWŽʕ); PKG1α*ÏĜƂ S-OBfð*ĉŃ 
C57BL/6yEW) LPS̰32 mg/kg̱?ʓʑÏƑLPSƑ 12Ƽ̆Ŷ*yE
W̰LPS̱8-RcyEW̰PBS̱*Žʕɮɻv}Vhc?<<
cGMPĠȷðBKW)8:ɤʬ 
̰A̱cGMPĠȷðBKW9ȃ×<yEWŽʕ\lNˏ*̀ǑʝQ
*ʮ( 3"*kd+QǹðŶLC-MS/MS?raIzNWʵǏ)8:
\lNˏ?ĉŃ̰ ḆcGMPĠȷðBKW)8:ɤʬ<\lNˏ
ʿƲ*ƒ PKGƒ®?Ȣ	EGW\q_c̰ C c̱GMPĠȷðBKW)8
:ɤʬ<\lNˏʿƲ*ƒ S-OBfðƒ®?Ȣ	EGW\q_cȽ
ù+PKG1α&ĉØļTDX?Ɇ 
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ğ 22 LPS ƑyEWŽʕɮɻ); VASP ˹ð 
LPSƑ 12Ƽ̆Ŷ*yEWŽʕɮɻ)"	$ƒ˹ðVASPƒ®8-ƒVASP
ƒ®)8;EGW\q_c?ʥ!ąOp)˹ð VASP *ɶ VASP
)Ō;kdŬţǤ)"	$bUc|cʵǏɰǐ?Ɇb\+ŞĤ
¼±ǛȂ½Ř%Ɇ̰n = 3 ̱**p < 0.01 vs PBS 
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ğ 23 8-fc-cGMP )8; PKG1α*ƘɲȱǵƂð*Øļ|JfX{ 
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


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ğ 24 cGMP8- 8-fc-cGMP& PKG1α&*ɰĈ*d_LO}b 
̰A Ṟo\UzU)8:ȁ 8-fc-cGMP& PKG*ȷ
¯Ȣ}b̰ B C̱ys195*DIEûļ& cGMP̰ ŗlh̱2+ 8-fc-cGMP
̰ąlh̱*OBf* C-8 &*̆*˔̓PKG1α&gNI^d&*ɰĈ*Ø
ļd_LO}b+ CLC drug discover Workbench 2.4.1 (Qiageṉ?Ȣ	$
PKG1α*Ƶ* cGMP ɰĈ˵¬?ċ4 299 Bzi˹* X ɷɰƾǙˤ ̰PDB ID: 
3SHṞ?6&)ʵǏ 24)ȞȗgNI^d+2 ǞÆǙˤ? Pubchem̰SID: 
2663837̰cGMP ̱SID: 2663838̰8-fc-cGMP̱̱ 9ËƎʺ[pcEF
B% 3ǞÆǙˤ.ĴơŶ PKG1α.*ɰĈ?ʵǏ 
 
  
8--cGMP!
8--cGMP!cGMP!
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ğ 25 mc PKG1α̰Ǣ̱8- PKG1β̰Ǣ̱*Bzi˹˶Ú 
ˑʝ*Ğ3+ CysǡĨ?Ɇ 
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ğ 26 UWaDlWpCd*Ƞ®ÏȠƋ&ǵƂDIEØļɍ*Ƞȝǜ
ʌ 
CBSUW\^If β-U\ZCSEUW\^If γ-BZƱș 45
8:ƪĴ 
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C-S 8!>*: !
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(),<!
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:0-&)('19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ğ 27 ǵƂDIEØļɍ)8; 8-fc-cGMP *£ˊ 
ǵƂDIEØļɍ+ 8-fc-cGMP&ǩǔɽơÿſ˥ɲDIE? 
cGMPB]Nc*ŮƋ?ɯ$8-SH-cGMP.&£ˊ;Ʊș 468:ƪĴ  
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ğ 28 \lNˏxTpAð)8; 8-fc-cGMP ȠȝǵƂ*ßŹ 
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ğ 29 \lNˏ S-OBfð)8; PKG1α*ƘɲȱǵƂð&GdcL
UU_NȭƊ 
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ʩ 1 cGMP ˃ő®&ʳǦƂȠ®Øļ*IN\i̲ǦØ˶µư 
 
*25˚C%*ȁŃ¼ 
** International Chemical Safety Cards9ŨȢ 
IN\i̲ǦØ˶µư̰logPo/w̱+ćðĈȕ*Ǧȷ9IN\iȷ.*ɋ
ʥ*åĈ?Ɇ¼ķ	0'ȪǦȱƂˏ̫	&?Ɇć cGMP˃ő®)
"	$pH7.4*ƂǊ¦;	+˹ƂǊ¦);IN\iȷ.*ɋʥţ
?ʵǏ 
  
  Substance logPo/w 
  cGMP* <-5 (10 mM Tris-HCl [pH7.4]), -4.17 ± 0.25 (0.1 M HCl) 
  8--cGMP* –3.20 ± 0.11 (10 mM Tris-HCl [pH7.4]), -1.93 ± 0.01 (0.1 M HCl) 
  8--cGMP* –2.88 ± 0.04 (10 mM Tris-HCl [pH7.4]), -1.62 ± 0.05 (0.1 M HCl) 
  Ascorbic acid** –2.15 (H2O) 
  Glucose** –3.3 (H2O) 
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ʩ 2 raIzNW)8; cGMPBKW)8;D{iBpCfaCɤ
ʬŶ*yEWŽʕv}Vhc\lNˏ*ĉŃ 
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